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ABSTRACT 


A variety of soil parameters and conditions individually and in asso- 
ciation with one another contribute to the visible as well as the infrared 
reflectance of soils. Quantitative reliable measurements of these reflec- 
tance properties are vital to an understanding of relationships between 
reflectance and physicochemical and site characteristics of soil upon which 
the use of remote sensing technology for soil survey .is based. 

An experimental procedure was developed for measuring the bidirectional 
reflectance factor of soils at the uniform moisture tension of apnroximately 
one-tenth bar. The soil fraction less than 2mm diameter was equilibrated for 24 hr s 
prior to spectral measurement on an asbestos tension table apparatus. Bidirectional 
reflectance factor of soils illuminated by a collimated beam from a 1000 watt 
tungsten iodide lamp was measured in 0.01pm increments over the 0.52-2. 32pm 
wavelength range using a field spectroradiometer adapted for indoor use. 

Surface soil samples from two representative sites for each of over 240 
widely occurring soil series from 39 states of the continental United States 
as well as Brazil and Spain were available for this study. Physicochemical 
characteristics measured were organic matter content, particle size distri- 
bution (8 fractions), cation exchange capacity, and iron oxide content. Site 
characteristics of soil temperature regime and moisture zone were used as 
selection criteria for soils included in the study, while parent material 
and internal drainage were noted for each soil. 

At least five general types of soil reflectance curves can be identi- 
fied based primarily on the presence or absence of probable ferric iron 
absorption bands at 0.7 and 0.9pm, but also based upon organic matter con- 
tent and soil drainage characteristics. Partially because of contrasting 
reflectance properties in the infrared wavelengths, soils with similar Murrsell 
color designations have been seen to possess very different reflectance curves. 

Averaged reflectance curves for soils with similar organic matter con- 
tent reveal the dominant role of organic matter in determining both curve 
form and reflectance magnitude in the visible and near infrared wavelengths. 
Decreasing particle size is seen to increase soil reflectance among sand 
textured soils while the inverse is true for medium to fine textured soils. 
Averaged soil reflectance curves also show a trend of higher reflectance 
with increasing soil temperature and decreasing rainfall as a result of 
decreased organic matter levels. 

Statistical correlation of soil parameters with reflectance for 481 
soil samples shows that reflectance in each of ten wavelength bands is 
negatively correlated with the natural logarithmic transformation of organic 
matter content. Reflectance in the 2.08 to 2.32pm middle infrared band is 
also negatively correlated with moisture content, clay content, cation exchange 
capacity, and iron oxide content while it is positively correlated with fine 
and medium sand contents. 
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Prediction models indicate that site characteristics such as climate 
parent material, and drainage are important variables along with organic 
matter, moisture content, texture, and iron oxide content in explaining 
reflectance differences among 481 soil samples. Regression equations using 
reflectance data in ten wavelength bands as the independent variables show 
high predictive values for organic matter content, moisture content, content 
o • specific particle size classes, iron oxide content, and cation exchange 
capacity when inferences are drawn among soils from specific climatic zones. 


The proved repeatability of quantitative bidirectional reflectance 
.actot measurements of soil using the described procedure has important 
implications both as an aid to soil characterization and as a tool for 
understanding reflective response from soils as measured by remote sensing 

nPUlroc '* 
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INTRODUCTION 


Modern soil surveys are essential to planning and management for effec- 
tive use of soil resources for food and fiber production in the face of 
ever-increasing population pressures on the land. Only a small fraction of 
the so i i : of the world have been mapped in sufficient detail for adequate 
planning for future land needs. Recent advances in remote sensing technology 
applied to soil survey may help to accelerate. the. pace of future mapping 
efforts. 

Comprehensive soil classification provides a basis for relating obser- 
vable soil properties to the factors responsible for their character, thus 
permitting extension of soil survey research experience in well -understood 
soils to unmapped areas of similar soil parent material, climate, relief, 
age of formation, and biotic factors. Differentiation of soils requires 
quantitative information about certain physicochemical and site character- 
istics. Although most of the differentiating characteristics selected as 
diagnostic criteria in the soil classification process are verifiable by 
field or laboratory procedures, quantitative spectroradiometric methods 
have not been adopted to measure soil reflectance properties. In spite of 
this lack of an instrumental procedure for measuring soil spectra, soil 
visible reflectance, or soil color, is a differentiating characteristic for 
many classes in all modern soil classification systems as an essential part 
of the definitions for both surface and subsurface diagnostic horizons. 

Aside from soil comparisons to standard color charts, characterization of 
soil, reflectance properties has no standard measurement procedure for obtain- 
ing reproducible quantitative visible and infrared reflectance spectra. 

Soil surveyors have made wide use of visible wavelength aerial photo- 
graphs since the 1930's, not only as a base map, but also as an aid in delin- 
eating soil patterns largely from visible reflectance properties of soil 
landscapes. The development of infrared sensitive films as well as cali- 
brated sensor systems, both of which show promise in soil survey research, 
suggests the need for some re* i able laboratory measure of soil reflectance 
properties in order to understand better the multispectral nature of soils 
as they are viewed by these sensors. 

This study describes the development of a procedure for spectroradio- 
metric measurement of soil reflectance at the uniform moisture tension of approx- 
imately one-tenth bar. The method involves the use of large asbestos tension tables 
for equilibration of sieved, saturated soil samples and evolved out of the 
necessity to measure a large number of disturbed surface soil samples while 
improving on sample preparation techniques reported in previous studies. 

A reflectometer provided parallel beam illumination of the samples from an 
artificial source, allowing for measurement of percent bidirectional reflec- 
tance factor over the 0.52 to 2.32pm wavelength range using a field spectro- 
radionieter adapted for indoor use. Soil reflectance measurements under 
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these controlled laboratory conditions are reliable and reproducible and 
provide a quantitative measure of soil spectral properties not only iri the 
visible, but also in the near and middle infrared wavelength regions. 

Spectroradiometric studies of soils under laboratory and fieid condi- 
tions have contributed to an understanding of the factors influencing soil 
reflectance. A variety of soil parameters and conditions individually and 
in association with one another contribute to the spectral reflectance of 
soils. These parameters include the physicochemical properties of moisture, 
organic matter, particle and aggregate size, iron oxide content and soil 
mineralogy. Conditions affecting the radiation of soils in their natural 
state are green vegetative cover, non-soil residue, surface roughness and 
crusting, and shadows, all of which vary according to tillage operations, crop- 
ping or grazing systems, or naturally occurring plant communities. While 
both field and laboratory studies of soil reflectance deserve attention, 
the ability to control more carefully soil conditions in the laboratory 
favors this approach for studying the contribution of individual soil parame- 
ters to soil reflectance. 

Soil reflectance is a cumulative property which derives from inherent 
spectral behavior of the heterogeneous combination of mineral, organic, and 
fluid matter that comprises mineral soils. This study did not attempt to 
quantify single component contributions to soil reflectance as isolates 
from the soil system, but rather attempted to describe the contribution 
of important physicochemical characteristics of surface soils as they would 
be viewed by airborne sensors. As far as possible the extraneous contribu- 
tion of soil moisture to soil reflectance was controlled by maintaining 
uniform moisture tension. In this manner, differences in moisture content 
among soils could be attributed to differences in soil component amounts, 

.just as would be expected in the field situation. 

Remote sensing systems .such as the four-band mul tispectral scanner on 
the present Landsat series of satellites and the proposed seven-band thematic 
mapper are designed for obtaining synoptic, repetitive views of the earth's 
surface at varying ground resolutions. It is important to remember that the 
usefulness of any remote sensing system for earth resource survey purposes 
depends on characteristic spectral response of ground features, whether or 
not there are seasonal or spatial differences of importance. The design of 
spectral bands for future sensor systems should therefore take into consid- 
eration the results of field and laboratory spectroradiometric studies of 
earth surface features. Results of this study point to the importance of 
spectral bands in the near and middle infrared as well as the visible por- 
tions of the spectrum for character ization of diverse soil reflectance 
properties. Observations of soil reflectance curves indicate that narrow 
wavelength bands in the near infrared may be critical for specific iron 
determinations in soils. 

Reflectance characteristics of soils from within homogeneous climatic 
zones vary greatly in response to the genetic influence of parent material, 
relief, and biotic factors over the period of soil formation. In spite 
of this great variability in soil reflectance, there does appear to be 
order in the relationships between soil reflectance and physicochemical 
properties within climatic zones. Prediction models can be developed to 


relate soil reflectance t.o some or al l of tho parameters of organic matter, 
moisturo, iron, ami particle size ili st.ri but: ion of soils depending on the 
spec i f i o climatic zone where the soils are found. This is possible because 
of the contribution of these individual soil components to reflectance in 
specific wavelength regions. Development of mul ti spectral remote sensing 
as a tool in soil survey builds on these relationships of soil reflectance 
to soil physicochemical and site characteristics and provides a quantita- 
tive basis for soil delineation. 


RRVlfW OF I ITLRATURi: 

Remote Sen si tuj as a Tool jn Soil Survey 
Early Work 

Black and white panchromatic aerial photographs have been a standard 
soil study and mapping tool since their introduction in 1929 in the state 
of Indiana (Rushnell, 1951). Aerial photographs were first recognized as 
an improvement over the use of plane tables in preparation of a base map, 
and 1:20,000 scale single-lens vertical photographs with stereoscopic 
coverage became the standard for most detailed, large-scale United States 
Department of Agriculture surveys (Soil Survey Staff, 1951). Photographs 
increased both the speed and accuracy of soil scientists because of the 
wealth of ground detail shown, the availability in areas of difficult 
access, and the three dimensional view of the soil landscape. Soil boundary 
delineation was possible largely from tonal characteristics with the under- 
standing that the same land area could vary in appearance from one date to 
another (Rushnell, 1951). 

Iligh-altitude photography was found useful in the preparation of medium- 
to small-scale soil maps using soil associations as the delineated unit 
(Rust, et al . , 1976). The broad synoptic view from high-altitude photo- 
graphs more nearly corresponded to the level of detail of soil units occur- 
ring together in an individual and characteristic pattern over a geographic 
area. Development of color aerial films, black and white and color infrared 
emulsions, and multi-lens camera systems further expanded the possibilities 
for aerial photographic surveys (Carroll, 1973a). Still, photo interpreta- 
tion techniques were not conducive to maximum extraction of tone information 
from aerial imagery, leading some to suggest, the use of instruments to per- 
form this task (Cililar and Protz, 1972). 

Optical -mechanical scanner systems capable of detecting visible, reflec- 
tive and thermal infrared radiation came into civilian use in the 1960‘s 
along with computer pattern recognition techniques for sorting and classify- 
ing quantified mul ti spectral data (Carroll, 1973b; Wcismiller and Kaminsky, 
1978). Preliminary studies of soil mapping using airborne mul t i spectral 
scanner data indicated that soil surface' conditions could be mapped with 
reasonable accuracy by computer techniques (Kristof, 1971). Areas with 
special drainage, runoff, or erosion problems could be mapped in detail. 
Similar airborne mul ti spectral scanner data were used to produce maps show- 
ing the locations of five levels of organic matter content (Baumgardner, et 
al, 1970). further studies indicated that clay content in surface soils 
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providing that the' s poctrii 1 proport, i os of the soil scene he i nt] mapped are 
understood in their relation to important physicochemical and site charactor- 
i sties . 



Soil Color Standards 

For most soil scientists and even laymen, the color of a soil is one ; 

of its most obvious characteristics. Relatively slight, differences in the 
color or color pattern of only one horizon in the profile may be signifi- 1 

cant in classifying soils into different groups. Thus, soil color is one 
of the most useful and important characteristics for soil identification, 
especial ly in combination with soil structure (Soil Survey Staff, 1975). j 

The human eye recognizes a rather narrow range of electromagnetic 
waves as light. The wavelength of human physiological perception of visible j 

reflectance extends from about 0.4 to 0.7pm (Wyszecki and Stiles, 1967). j 

Intensities of light at various wavelengths within this range impart dif- ; 

ferent impressions called color. Soils, as most other objects, reflect 
light of many wavelengths. Although it is possible to distinguish many 
different soil colors, it is difficult to describe them accurately. 

The color imparted to a material may be due to specific absorptions, in 
the visible region, or the color may be caused by intense absorptions in 
either or both the ultraviolet and near infrared, the shoulders of which 
may extend forward or back into the visible. This will impart a color 
to the material without its having any specific chromophoric group absorbing 
in the visible. Red colors in many soils may be attributable to just such ! 

a phenomenon of near infrared absorption of the ferric ion (Hunt and Salis- 
bury, 1970). j 

After experimentation with numerous methods of soil color determination j 

including briquetting soils of appropriate colors to serve as standards, j 

whirling standard color disks for color matching, and even spectrophotometry, ] 

the U.S. Department of Agriculture in 1941 developed a set of soil color j 

name charts based on the Munsell notation system (Pendleton and Nickerson, ] 

1951). Standardized common color names and Munsell color standards continue < 

as the most widely used system for describing soil colors (Soil Survey 
Staff. 1975). 

Munsell soil color charts consist of some 175 colored chips systemati- , 

cully arranged according to their Munsell notations on cards mounted in a ; 

loose- loaf notebook. Notations of hue, value, and chroma designate the j 

three variables that combine to represent all colors. Hue is the dominant j 

spectral, or wavelength dependent, color. Value refers to the relative 1 

lightness of color while chroma is the relative purity or strength of the ! 

spectral color. Soil colors are determined by placing soil next to the 

color chips and comparing colors for the best match. The soil color i . 

then described by the number of the chip to which it corresponds ot by ] 

interpolating the number between two chips. Rarely does the color of the j 

sample perfectly match any color in the chart. The probability of a 

perfect .natch of the soil color with the standard is loss than one in j 

one hundred (Soil Survey Staff ,...1.975.) j 
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turn wT • c .° or ! ! ta, ? d ? rd comparisons are obtained at two soil mois- 

•uie levels: mr dry and field capacity. Moist soil colors are ob a i ed 

b.y moistening a sample and reading the color as soon as visible moisture 
f ilms have disappeared. In most notes and soil rWrriptions colors ire 

ana ana eg ions is the dry soil color. Roth the dry and mein sn il mime 
are important, however, and official descriptions for technical use should 
include Munsoll color designations for both conditions (Soil Survey Staff, 


A modified Munsell color chart was prepared by Alexander (1969) for 
aclp in estimating the organic matter content in the surface of medium to 
, i.e textured cultivated soils in Illinois. Use of this f lie-chip c?lor 
^hart. proved valuable in matching herbicide -application rates to five leve 1 * 
i!1 thG T\ Page 0974) related reflectance m eas urlZt< 
soils W thini " ieter t0 0rqanic matter in Atlantic Coastal Plain 

able esti,,,!' f'° ° t0 ranqe » reflectance measurements provided a reli- 

J! 0 itl,dl of or 9 amc matter in soils from this region at a cons iderabl v 
rmm>+‘ r ] d c Reaper rate than traditional methods. Shields, et al . (1968) 

“ verted spectrophotometric measurements of soils at different moisture 
contents to Munsell renotation color designations In orter to Vule sSfl 
1° organi . L matter. Munsell renotation value was most hiqhlv rorre- 

•lorolls and q BSn1fs t bCsPd 0nte ?/'’ although relationships differed between 

and boralfs based on the organic constituents of the organic matter. 

i Other studies indicated that soil color standards could be related in 
;l d : avinf m4 1a r , ,n ? isture a,ld organic matter. Krishna Hurt , 

for sCifMunsel h, -i ? tltar ! lum and ferrous il '°" to be responsible 
! 1 L! hue, while clay and organic matter were found to influence 

of i nereis inn ' 01 eai ! and McCracken (1967) observed a general trend 

y r 'f !■ ' oxide content with increasing Munsell ' chroma in 

i -on oxide tits SV U,nS ° r !' ,e ) 1 ‘ ained Coastal P,ain soi,s - The form of the 
on oxide (its degree of hydration or neutralization) was felt to be Llm 

dominant factor in influencing Munsell hue of the subsoils in this region. 

cKeague, et al. (1971) also found chroma and dithionite Fe to be siqnifi- 

s y n^ el ? ed f ? r ? eV /T al qroui,s of surface soil samples. As in the 

P»imisiL b inv nf’/t 3 : ( 1968 S/annanov and Rozhkov (197?) found the more 
pomi sing way of determining soil color characteristics to he from snretro- 

t ince^'vi 1 ues C fnr^ 1° f calcu ] ated 0,1 the hasis of variations in refleo 

on the Mil self Left 1 "' c ^ ol td, intervals, rather than notations based 
h L M \ n T Spectrophotometric measurements were seen to pruvidi 

acterlM, ^ ishment of quantitative relationships between color char 
) i m. 1 1 . s arul soil composition. 


bidirectional _ Reflectance factor as a Quantitative Measure 
of Soil Spectral Properties 

tn •" n ; fl( ; c, ance, defined as (die ratio of the reflected flux 

»• . *' d 1 I rrad,atlon as a Time Lion of wavelength nrovide the basis 

, of Uwt scenes, as is the case in spectrorad iometr ic 

mi a alien. on Is ol soil reflectance. I he directional charac terist i, of I hr 

\ r l*; 1 ' ' . ,on -'re crucial to remote sensing studies, (or example. 

1 • 1 "i the eliect that sun angle can have on imaue c lass i f ii a ! ion 
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results,' the presence of clouds may lead to diffuse rather than collimated 
irradiation of the target of interest. Also, many early studies of soil 
reflectance properties utilized a laboratory integrating sphere reflectometer 
whose directional characteristics differ from bidirectional reflectance factor 
measurements. The technical basis for bidirectional reflectance factor 
measurements allows for direct comparison of field-collected data with labo- 
ratory-collected data when a standard calibration procedure is closely fol- 
lowed (DeWitt and Robinson. 1976; Learner, et al . , 1973). 

The fundamental property describing the geometrical reflectance dis- 
tribution characteristics of a surface is the bidirectional reflectance 
distribution function. Immeasurable amounts of radiant flux through infini- 
tesimal elements of solid angle render this function useful only as an under- 
lying concept, with a more practical measure bcinq bidirectional reflectance 
factor (GRF). Bidirectional reflectance factor (BRF) can be described as 
the ratio of the flux reflected by an object under specified conditions of 
irradiation and viewing to that reflected by the ideal, completely reflect- 
ing, perfectly diffusing surface, identically irradiated and viewed with the 
restriction that measurements are made through negligibly small solid angles 
of illumination and viewing (Nicodemus, et al . , 1977). 

A BRF reflectometer developed as an accessory to a field spectroradiometer 
permits conditions of variable incident irradiance of a horizontally placed 
3.2cm diameter soil area (DeWitt and Robinson, 1976). In this manner, spe- 
cially prepared soil samples can be irradiated and viewed from above, thus 
simulating the remote sensing situation as closely as possible. Quantitative 
measurements of soil reflectance using this instrument setup have been helpful 
in relating BRF to important soil properties (Beck, et al., 1976; Montgomery 
and Baumgardner, 1974; Montgomery, 1976). 

Most commercially available spectroradiometers were designed for ab- 
sorption or transmission measurements with accessories available for measure- 
ment of hemispherical reflectance, often with an integrating sphere- (Hunt 
and Ross, 1967). Aside from the differing conditions of directional -hemi- 
spherical reflectance, these reflectance accessories often required that 
the sample be mounted vertically (Mathews, et al., 1973) or even horizon- 
tally with the beam impinging on the sample from below (Lindberg and Snyder, 
1972). This required awkward soil sample preparation techniques involving 
high pressure compaction of finely sieved soil into bottle caps or- the use 
of glass microscope slides to hold the soil in place (Bowers and Hanks, 1965; 
Condi t, 1972; Lindberg and Snyder, 1972; Mathews, et al., 1973b; Obukhov and 
Orlov. 1964; Schroier, 1977). As a result, the remote sensing data gathering 
situation was not reproduced and soil sample preparation for control of impor- 
tant moisture variables and soil surface conditions was made difficuH. 


Sp_e_c_tral_ Reflectance of Surface Soils 
Green Vegetative Cover 

The spectral composition of the reflected radiation from soil is stri- 
kingly different from that of plants (Gates, 1963; Gates, 1965). Single 
loaves exhibit absorption maxima in the blue and red at 0.4/ and 0.68pm, 
respectively, while the familiar green reflectance peak occurs at 0.55|im. 
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loi.il lack of pigment. absorption and lack of a ppm i a hi t' absorption by li'|iii<l 
water results in strong near infra rod rofloctanco in healthy loaves from 0./ 
1o l.diim. Major water absorption hands appear at 1.4b and l-Mpm in leaver; 
as they do in' moist soils (Myers and Allen, 1968). Density, mnt phol o<iv , and 
condition of the geometrical arrangement of leaves in a plant canopy deter- 
mine the extent to which green veqetative cover affects the reflectance from 
surface soils (lloffer and Johannsen, 1969). Girard-fianneau (19/5) reported 
that, up to a vegetative cover of lb'.', a surface appears as soil whereas in 
excess of 40: cover, the spectral behavior resembles that of vegetation. 

Near infrared wavelength data from digitized photographs wore used to 
estimate oercent ground cover in a maize canopy on both a Moll i sol and an 
Alfisol (Stoner, et al . , 1976). Using aircraft mul tispectral scanner data, 
Kristof and Baumgardner (1975) found that the ratio between relative >'efle; ■ 
tance in the infrared spectrum could be used to characterize the seasonal 
variation which is intimately connected with changes in green vegetative 
cover. Importantly, soil patterns remained visible in spite o+ dense maize 
cover well into the growing season. 

Although dense vegetative canopies of crops or naturally occurring plant, 
communities may mask the soils themselves, it is important to icaiize d'nt 
iunerent fertility, drainage, and moisture holding capacity differences 
aiming soils tend to influence the vegetative growth on these soils. Thus, 
p though the soil itself eventually is masked by plant canopies, the canopy 
varies’ in phonological and morphological characteristics with different 
.oils (Westin and Lemme, 1978). In this way, green vegetative cover is 
- ;v< ally important in soil mapping of wild areas of native vegetation 
..over ( Runzani , 1969). 


Non- Soil Residues 


Common seasonal components of remotely sensed ground scenes are non- 
soil, non-green vegetation residues of senosced vegetation or even snow and 
ice in temperate zones. Although topographic information may be obtained 
from snow-covered areas (Lewis, et al . , 1975), generally the presence of 
snow cover only obscures the soil patterns of interest in soil mapping, 
and winter-collected data are usually avoided. It is no* uncommon, how- 
ever, in cultivated regions to have a cover of crop residue on the soil 
surface at times of the year that, would otherwise be ideal for obtaiinmi 
remotely sensed data from soils (Stoner and Horvath, l l '71). 


Senosced leaves behave differently in the near infrared wavelength 
region than do live, healthy leaves (Bailsman, et al., l l '/u). Whereas mul- 
tiple leaf la vers of healthy green leaves exhibit enhanced reflectance up 
in a stack of eight leaves, senosced leaves do not show increased nUrured 
reflectance beyond two or three leaf layers. Aircraft and spacecraft 
reflectance measurements won 1 a not be expected to distinguish between 
different densities of see''* re.’ vegetation. 


res 
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I it'll! sped roradiomet r ic investigations showed that sugarcane i reo 
iilue littered on t lie soil snrl.ue had higher > e I 1 ed .one I Inn Han' 

1, pul that standing sugarcane crop residue had lower rrllrdnnre than 
• i, (Bailsman, el al., 1‘17'd. Residue i even'd soils lot a ve-nn 
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of crops and grasses were best discriminated from bare soils with Lands at 
reflectance measurements from 0.5 to C . 611111 in the visible region of the 
spectrum. Further work by Gausman, et al . (1977) with wheat straw sug- 
gested that the near infrared region from 0.75 to 1.3pm seemed better than 
the visible region or water absorption bands for distinguishing among 
reflectances of soil-tiliage-straw treatments. 

Again, as in the case of green vegetation cover, indications are that 
the presence of non-soil residue does not fully obscure detectable soil 
patterns when areas of similar residue cover are isolated and classified 
separately using airborne scanner data (Stoner and Horvath, 1 971 ) . Field 
spectroradiometric studies of maize residue cover on an Al f i sol and Mol lisol 
provide evidence that the characteristic trends of spectral cu ves for these 
soils are not altered by residue cover or moisture differences \Stoner, et 
al . , 1979) . 


Surface Roughness and Crusting 

Early remote sensing research in soils recognized the fact that soils 
often formed a surface crust that could make a soil appear dry when it was 
actually wet (Hoffer and Johannsen, 1969). Cipra, et al (1971) found that 
crusted surfaces gave higher reflectance values in the 0.43 to 0.73pm wave- 
length region than did soils with the crust broken. The lower reflectance 
of the disturbed soil was attributed to the rough surface which presumably 
caused scattering of light as well as a shadowing effect. Surface roughness 
of a sandy Al f i sol appeared to override the effects of moisture on reflec- 
tance (Johannsen, 1969). 

Sensor view angle of most reflectance-type measuring devices is normal 
to the surface being viewed, but important illumination angle effects com- 
monly result from differences in solar elevation angle with time of day aid 
season of the year. Recently cultivated soils, aside from their generally 
higher surface moisture content than undisturbed soils, often exhibit a 
random geometry of reflecting surfaces whose overall reflectance may vary 
with illumination angle (Crown and Pawluck, 1974; Coulson and Reynolds, 

1971). Tilled clay soil broken into aggregates several centimeters in size 
demonstrated marked differences in reflectance as a function of sun eleva- 
tion (Coulson and Reynolds, 1971). A strong decrease in reflectance occurred 
with increasing sun elevation, possibly caused by trapping of radiation 
among the coarse particles as the fraction of incident radiation entering 
the spaces increased with increasing sun elevation. Soils with wel . -defined 
structure in the plow layer were found to reflect. 15 to 20% less light energy 
than structureless soils (Obukhov and Orlov, 1964). 

Difficulties in fully characterizing the moisture content and surface 
roughness of soils under various tillage treatments make this area one of 
the least understood areas of surface soil reflectance. 
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Soil Parameters I nfl uencing Soi 1 Reflectance 


Soil Moisture 


It is a common observation that most soils appear darker when wet than 
when dry. This results from decreased reflectance of incident radiation in 
the visible region of the spectrum. Angstrom (1925) attributed this darken- 
inn effect of moisture in soils to internal total reflections within the 
thin water film covering soil particles. It was felt that, a portion of the 
energy would not be reflected to space but would be re-reflected between 
the surface of the particle and the surface of the water film. Planet v-J/O 
indicated that the reflectance difference of a soil between its dry and we, 
states could be determined if the following factors were taken into account: 
1) variations in index of refraction of the water due to dissolved soil con- 
stituents, 2) changes in the physical nature of soil particles by the pres- 
ence of water, and 3) similarities in the indices of refraction 0; the sot 
and water leading to the Christiansen effect. 


\ 
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Hoffer and Johannsen (1969) showed that moist soils had an overall 
lower reflectance than their dry counterpart in the 0.4 to 2.6pm wavelength 
reqion . Bowers and Hanks (1965) noted a lowering in reflectance for New- 
tonia silt loam at six increasing soil moisture contents over the wavelength 
range of 0.5 to 2.5uni. Obukhov and Orlo-v (1964) observed that the spectral 
curve does not change in appearance upon wetting of soil and that the ratio 
of the reflectance of moist soil to that of dry soil remained practically 
constant in the visible portion of the spectrum. It was also noted that the 
decrease in reflectance was greater upon wetting of forest soils containing 
little organic matter than upon wetting of prairie soils hi qh in organic 
matter. Condit (1970, 1972), in his well-known study of 160 soils from 
36 states in the United States was able to identify three characteristic, 
shapes of reflectance curves in the 0.32 to l.Oum wavelength range. Al- 
though the curve shape was not noted to change between dry and wet soil 
reflectance readings, the soil moisture content was not reported for any 
of the soil samples. The need for carefully controlled moisture tension 
equilibria and soil moisture content determination in soil reflectance 
studies was recognized by Beck, et al . (1976). 


The shape of soil reflectance curves is affected by the presence of 
strong water absorption bands at 1.45 and 1.95pm, and occasionally weaker 
water' absorption bands at 0.97, 1.2 and 1.77pm. Specifically, these bands 
are overtones and combinations of the three fundamental vibrational fre- 
quencies of the water molecule which occur beyond 2.5pm (Bowers and Smit.i, 
1972) The band at 1.94pm, a combination of the it + a, fundamental fre- 
quencies is the most sensitive to water, and has been found best for relating 
reflectance measurements to soil moisture content (Bowers and Hanks, I -n.i ) . 

An absorption band at 2.2pm was not identified in early studies (Bowers 
and Hanks, 1965) but was later identified as a vibrational mode of the 
hydroxyl ion (Hunt and Salisbury, 1970). Absorption due to the hydroxyl 
ion also qives rise to a band at 1.4b|iiu, tho same as that of liquid water. 

The appearance of the 1.45pm hand without the 1.95pm band indicates that 
hydroxyl groups and not free water arc present in the material. Sharp 
bands at 1.45 and 1.95pm indicate that the water molecules are located m 
well defined ordered sites while broad bands at these wavelengths i mi ic.it •- 
that | hey are relatively unordcred, as is often the case in naturally 
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occurring soils. Weak absorption bands at 0.97, 1.2 and 1.77|im correspond 
to the absorption bands observed in transmission spectra of water of a few 
millimeters in thickness (Lindberg and Snyder, 1972). These weak water 
absorption bands can be assigned in terms of water vibrations, with the 
additional combination of librations of the water molecule in the 1.77pm 
(Hunt and Salisbury, 1971b). 

Heck, et al . (1976) found that of several factors studied, soil moisture 
had the greatest influence on soil reflectance at the one- third bar moisture 
tension level. Because of the impractical ity of measuring soil reflectance 
in the field in the 1.95pm water absorption band (also a region of strong 
atmospheric water absorption), reflectance in the 1.50 to 1.73pm wavelength 
region was suggested as the best possibility for mapping water content in 
surface soils. Although the importance of soil moisture to reflectance 
was recognized by Montgomery (1974, 1976) the contribution of this parameter 
to soil reflectance was not evaluated quantitatively because of the air dry 
state in which all of the soil samples were measured. 

Bowers and Smith (1972) showed that a linear relation between absor- 
bance and percent soil water was adequate for moisture determination from 
air dry to the moisture equivalent. The practicality of an absorbance 
measurement at 1.94pm, however, is limited to laboratory applications. 
Peterson, et al . (1979) demonstrated that the loss of reflectance from the 
oven dry state to -field capacity for 15 surface Mol 1 i sol s and Alfisols from 
central Indiana is definitely related to the oven dry reflectances of these 
soils. This relationship held true for visible as well as near and middle- 
infrared reflective bands. These results point to the existence of orderly 
relationships among soil moisture tensions and soil reflectance values. 


Organic Matter 

Soil organic matter content and composition of organic constituents are 
known to have a stronn influence on soil reflectance. A general observation 
has been that as organic matter content increases, soil reflectance de- 
creases throughout the 0.4 to 2.5pm wavelength range (Hoffer and Johannsen, 
1969). Baumgardner, et al. (1970) found that organic matter plays a dom- 
inant role in bestowing spectral properties to soils when the organic matter 
content exceeds 2.0 percent. As the organic matter drops below two percent 
it becomes less effective in masking out the effects of other soil consti- 
tuents. Although it was not recognized by Condi t (1970, 1972), his Type 1 
arid Type 2 curves corresponded respectively to the reflectance curves of 
high surface organic content Mollisols and low surface organic content 
Alfisols (Cipra, et al., 1971). 

Organic constituents including humic and fulvic acid and nonspecific 
compounds including decomposing pi ant residues are known to influence soil 
reflectance to differing degrees (Obukhov and Orlov, 1964), although the 
contribution of each has been difficult to quantify. Montgomery (19/6) 
founci that soil reflectance in the 0.60 to 1.10pm region had the highest 
correlation with certain organic constituents. Better techniques for deter- 
mining specific organic constituents are needed to help clarify their con- 
tribution to soil reflectance. 
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Cxidation of organic matter in a soil sample with H.,0 resulted in in- 
creased reflectance from 0.4 to 2.4pm, although the difference in reflectance 
beyond 1.3pm became very small (Bowers and Hanks, 1965). Mathews, el: al. 
(1973) destroyed the organic matter in a 12.8% organic matter silty clay 
soil with the resulting reflectance being increased greatly from 0.4 to 
1 . 3;.m» while the reflectance actually decreased slightly from 1.5 to 2.4pm. 

Regression studies indicated that, organic matter content could be re- 
lated to soil reflectance by a curvilinear exponential function (Schreier, 

1 397 ) . Mathews, et al. (1973) found that organic matter correlated most 
highly with reflectance in the 0.5 to 1.2pm range, while Beck, et al. (1976) 
suggested that the 0.90 to 1.22pm range was best for mapping organic carbon 
in soils. Montgomery (1976) indicated that organic matter contents as high 
as 9.0% did not appear to mask out the contributions of other soil parame- 
ters to soil reflectance. Montgomery differed from Beck in recommending the 
visible wavelength region as the best for spectral measurement of organic 
matter content in soils. 


Particle Size Distribution 

Aside from the reflectance differences cited earlier which can be 
accounted for by differences in surface roughness and soil structure, soil 
particle size and shape as well as the size and shape of soil aggregates 
resulting from mild crushing appear to influence soil reflectance in 
varying manners, Bowers and Hanks (1965) measured the reflectance of pure 
kaolinite in size fractions from 0.022 to 2,68mm dia (coarse silt to very 
• oarse sand particle size classes) and found a rapid exponential increase 
in reflectance at all wavelengths between 0.4 and 1.0pm with decreasing 
particle size. The most notable increases in reflectance occurred at 
sizes less than 0.4mm dia (approximately medium sand particle size class 
and finer). It was felt that particles or aggregates larger than 2 -3mm 
dia would have 1 i-tt 1 e influence on additional absorption of solar energy. 

Orlov (1966) found the reflectance of aggregates from 0.25 to 1 Omni 
in diameter to vary little for Mol 1 i so 1 -type soils. However, for the frac- 
tion less than 0.25mm dia (fine sand particle size class and finer) re- 
flectance increased, a fact that Orlov attributed to sharp changes in 
chemical composition of aggregates less than 0.25mm dia compared with 
coarser aggregates. 

Surface roughness on a micro scale may be the determining factor in 
explaining changes in reflectance as a function of particle or aggregate 
diameter. Bowers and Hanks (1965) observed that as particle size de- 
creased, the surface of kaolinite became smoother. Similarly, Orlov (1966) 
found that fine particles filled a volume more completely and gave a more 
even surface. Coarse aggregates, having an irregular shape, formed a 
complex surface with a large number of interaggregate spaces. As light 
falls on large, irregularly shaped aggregates, most of the incident flux 
penetrates into light traps and is completely extinguished there. 

Hunt, et al . (1970, 1971a, 1971b, 1971c, 1973a, 1973b, 1973c, 1974. 
1976a, 1976b) measured the reflectance of a large number of minerals and 
rock' in four size fractions: 0-0.005 mm, 0-0.074 mm, 0.074 -o.y, mm. 


and 0 25-1.2 nun. For silicate and carbonate minerals it was noted that the 
qoneral effect of decreasing the particle size of the sampler was to increase 
the reflectance at all wavelengths and to decrease the contrast of any well- 
resolved spectral features. Conversely to previously mentioned studies, in 
the case of oxides and sulphides the reflectance as a function of wavelengh 
sometimes actually decreased with decreasing particle size, Phenomenon 

appeared to occur in materials of very low reflectance. in other stu lies, 
however, it was found that only integral reflection varied with particle 
diameter, whereas the shape of the spectral curve remained the same. 

Regression studies by Montgomery (1974, 1976) found silt content to be 
the sinqle most significant parameter in explaining the spectral variations 
in soils. It was felt that the significance of silt content may have been 
attributable to the size of the silt particles relative to the reflective 
wavelengths. Beck, et al . (1976), studying predominantly silty soils, con- 
cluded that the wavelength region from 1.50 to 1.73pm was best for mapping 
clay content in surface soils. 


Iron Oxides 

The type and relative amount of constituent iron oxides are known to 
influence the colors of red and yellow soils high in sesquioxide clays. 
(Bigham, et al., 1978). Predominantly yellow soils high in goethite were 
found to absorb more phosphate per unit weight than did otherwise similar 
red soils high in hematite. Soil spectral reflectances may be meaningful 
criteria for both taxonomic and management separations in highly weathered 
soil s . 

Obukhov and Orlov (1964) reported that soils with an elevated content 
of iron could be easily distinguished by the inflection characteristic for 
pure Fe„0,. They found the intensity of the reflection in the region from 
0.5 to 0.64pm inversely proportional to the iron content. Karmanov (19/0) 
noted tnat the reflection intensity of iron hydroxides containing little 
water and having a dark brown-red color increased most strongly in the 
wave interval from 0.554 to 0.596pm while that of hydrous iron oxides in- 
creased most strongly in the wave range from 0.50 to 0.54pm. Neither ot 
these studies investigated iron oxide reflectance beyond the visible wave- 
lengths. 

Most of the well -resolved electronic features of iron oxides in min- 
erals and rocks can be attributed to transitions in the iron cations (Hunt, 
et al., 1971b). Typically, the ferrous ion produces the band near l.Upm 
oue to the spin allowed transition between the Eg and T2g quintet levels ^ 
into which the D ground state splits in an octahedral crystal field. Fot 
the ferric ion, the major bands produced in the spectrum are a resul, of 
transition from the G Ai q ground state to 4 T-| g at about 0.87pm; and to rgn 
at 0.7 m. Whereas only' U by weight of finely powdered hematite was found 
to alter a clayev, yellow Oxisol from 10YR to 5YR in color (Resende, 19/6), 
as lUtle as 0 . o'6o5' v . of iron by weight was capable of producing a percep- 
tibie iron band at 0.87pm in a hiqhl.y transparent calcite nnnera (Hun*, 
and Salisbury, 1971a). In addition to the ferrous iron band at .Oum, 
another absorption band near 1.0pm has been identified in a sample of gibb- 
site as a second overtone and combination of stretching modes o the hy- 
droxyl radical (Hunt, et al . , l q 71h). 
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Montgomery (1976) found the free iron oxide content of coil to he sig- 
nificant in both visible and infrared regions of the spectrum, but observed 
that the significance of iron increased with increasing wavelength. The 
presence of organic matter did not diminish the contribution of iron to 
soil reflectance. Percent iron in iron-organic complexes, along with per- 
cent carbon and exchangeable Mg and K were most significantly correlated 
with spectral measurements in a study by Schreier (1977). The narrowness 
of infrared iron absorption bands is incompatible with the broad infrared 
wavelength bands of the present Landsat satellites, and may render quanti- 
tative comparisons of reflectance with iron oxide levels in soils impractical. 


Clay Mineralogy 

Examination of the reflectance spectra of montmoril Ionite and kaolinite 
group clay minerals indicates that they owe the major features of their ab- 
sorption spectra to the presence of water (Lindberg and Snyder-, 19/2;. Very 
strong molecular water bands at 1.4 and 1.9pm are due to the bound wate'’ 
typical of- niontmorillonites (Hunt and Salisbury, 1970). Strong hydroxyl 
bands centered at 1.4 and 2 . 2 pin are typical of kaolinite reflectance, with 
the lack of appreciable bound water resulting in only a weak band at 1.9pm. 

The presence of a small amount, of the ferrous ion results in a slight band 
near l.Opiii in kaolinite, while ferrous iron in a six fold site in mont- 
inoril Ionite results in a strong band at 1.0pm. Mathews, et al . (1973) mea- 
sured a consistently low reflectance response for wavelengths less than 
1 . 7 pm in a sample of illite and showed low absorption intensities for the 
water and hydroxyl bands when compared to kaolinite and nontronite (mont- 
morillonite group) samples. For most kaolinite and montmoril Ionite group 
minerals, a general decrease in reflectance occurs with decreasing wave- 
length beginning at about 0.7pin (Lindberg and Snyder, 1972). 

Aside from the silicate clay minerals, sesquioxides typical of highly 
weathered soil regions present reflectance spectra dominated by ferric iron 
and occasionally by hydroxides. Samples of hematite, limonite, and goe- 
thite exhibit well-defined ferric iron absorption bands near 0.9pm (Hunt, 
et al . , 1971b). Gibbsite, whose chemical formula is Al ( OH ) 3 , shows a weak 
but relatively sharp band at 1.0pm attributed to overtones of A1-0-H bending 
modes and combinations of stretching modes. Magnetite samples display overall 
low reflectance, changing very little throughout the visible and infrared. 

This opaque, spectrally featureless spectral behavior is due to iron oxide 
and titanium conduction bands extending throughout the spectral range. 

Soil clays occur in intimate combination with other soil constituents. 
Mixed clay mineralogies are more common than clay mineralogies predominated 
by single clay types. Montgomery (1976) analyzed separately a group of 
montmori 1 lonitic mineralogy soils and noted little difference between sta- 
tistical correlations of reflectance and soil properties for this group and 
for soils as a whole. The contribution of the mineralogy of size fractions 
other than clay to soil reflectance lias not been reported but is probably 
important . 
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Parent Material 

Mathews, et al . (1973) first demonstrated the influence of soil parent, 
material on soil reflectance. Reflectance curves for soils developed from 
limestone, shale, and sandstone exhibited contrasting, characteristic shapes 
and were separable at all wavelengths. Schreier (1977) also noted that 
soil parent material seemed to affect the overall spectral reflectance of 
soils developed from deltaic, organic, marine alluvial, and outwash materials, 
Hunt, et al. (1973b, 1973c, 1974) observed that the overal I reflectance in- 
tensities of igneous rocks decreased from acid to intermediate to basic, 
with ultrabasic forms always displaying a well-defined ferrous iron band 
near 1.0pm. These findings suggest that local geographic areas of similar 
parent material may best be studied separately when trying to relate soil 
reflectance to other soil parameters. Just such an approach was used suc- 
cessfully to separate drainage classes within parent material groups in 
Jasper County, Indiana (Wei smi Tier, et al., 1979). 


Appl i cabi 1 ity of L abor at ory - M eas ured Soil Ref 1 ecta nce 
"i ;0 ' ^ r j )0 " n - e S ensor Data 

Differences in laboratory instrument and airborne sensor configura- 
tions complicate comparisons of soil reflectance measured by these methods. 
Whereas most laboratory instruments utilize calibration standards viewed 
and irradiated identically to the target, airborne sensors must often rely 
on internal calibration sources. Solar radiation and atmospheric attenua- 
tion may vary from one airborne sensor flight to another. 

laboratory and field spectra of moist Alfisol and Mol li sol surface 
soils measured" with the same spectroradiometer and calibrated to a pressed 
barium sulphate standard exhibited characteristically-shaped spectral curves 
for both soils (Stoner, et al . , 1979). Spectral response for either soil 
measured in the field was about 1.5 times greater than the spectral response 
of laboratory-measured moist soils at any given wavelength from 0.5? to 
1,7 5pm . Lower moisture levels and formation of a drier surface crust could 
easily account for the observed spectral differences, but importantly the 
ability to extend laboratory-measured soil spectra to field conditions was 
demonstrated . 

May and Petersen (1975) attempted to correct for solar radiation arid 
atmosoneric attenuation in comparing airborne mul tispectral scanner data to 
laboratory reflectance spectra of soil. By using supervised and unsuper- 
vised classification routines, computer-generated maps using the laboratory 
arid mul ti spectral scanner derived reflectances resulted in maps that com- 
pared wel l with field survey maps. An agreement of 907, was obtained between 
classification maps produced using mul ti spectral scanner derived reflec- 
tance and laboratory derived reflectance could be substituted for mul ti- 
spectral scanner response data with only a slight decrease in so 1 ! mapping 
accuracy. 


Re 1 a t ionships of . Soi 1 Ref 1 e ct a nee to Site Cha ract eristics 

Soil reflectance, expressed in terms of soil color, has been found to 
be a good indicator of soil characteristics of use in the study of soil 
genesis and in arriving at conclusions concerning their best management 
and use (Kohnkc, 1968). Soil in humid temperate and cold zones are 
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predominantly grayish. Red arid yellow soils are found mostly ir. the sub- 
tropics and tropics, although limestone-derived soils can be red even in 
warm temperate regions. Local topography influences soil color because of 
the higher organic matter content in depressional areas. Eroded and depovi- 
I ional areas exhibit altered soil colors as a result of relief differences. 
Poorly drained soils exhibit darker colors because of a micro-climate of 
reducing conditions. 

Kohnke, et al . (1968) expressed climate by the use of a precipitation 
and temperature index called the "biofactor" and found this factor highly 
correlated with pH, exchangeable hydrogen, cation exchange capacity, nitrogen 
content and organic carbon for the surface 25 cm of soils from many countries. 
Similar correlations were obtained using the Thornthwaite (1948) moisture 
index, but the biofactor was preferred because of its simplicity. Bunt ‘ley 
and Westin (1965) studied color development across a cl imosequenqe of grass- 
land soils, concluding that quantitative numerical color-development equi- 
valents yielded results that were characteristically similar within great 
soil groups and dissimilar among great soil groups. Montgomery (1976) ob- 
tained higher correlations between soil reflectance and physicochemical 
properties of soils when soils from similar climatic zones were grouped 
together. 

Free iron is known to decrease in soils of increasingly poor natural 
drainage, thus making drainage class an important soil site characteristic 
in understanding soil reflectance (Buol, et al . , 1973). In soils- with 
weat.herable iron-bearing minerals, the age of formation of soils is closely 
related to their reflectance properties because of the observed increase in 
the percentage of free iron with increasing weathering. 


MATERIALS AND METHODS 
S_oJ 1 Sampl e_S_e 1 ect i_o n_ 

Approximately 240 soils, representing a statistical sampling of the 
more than 10,000 soil series in the United States were selected for this 
study. Selections were made from a list of the more than 1300 benchmark 
soil series in the United States and Caribbean Area (Soil Survey Staff 
1 972). Benchmark soil series represent these soils with a large A,gru ( '. ic 
extent and whose broad range of characteristics renders these soils so widely 
applicable for study. Information about these benchmark soils can be ex- 
tended to many of those closely related in classification and gooqrupny. 

The type location of each benchmark soil series was marked on a map of 
United States counties to show the representative geographic location where 
the described soil profile meets the central concept for that series. 

Soil sample selection was based on a stratification of the 48 contiguous 
states in the U.S. into climatic /.ones based on soil tempera Lure regime- and 
moisture zone delineation (Figure 1). An adequate number of soil samples 
was desired to represent each climatic region approximately in proportion 
io the geographic extent of the seventeen regions. 

Each individual soil has a characteristic temperature regime that, can 
be measured and described. For practical reasons, the soil temperature 
regime can be described by the mean annual soil temperature and , 
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Table 1. U.S. taxonomic soil temperature regimes (Soil Survey Staff, 
1975). 


temperature class* 

frigid 

mesic 

thermic 

hyperthermic 

*Difference between mean summer and 
is more than 5°C at a depth of 50 


mean annual soil temperature 

MAST < 8°C 
8°C _< MAST < 1 5°C 
1 5°C < MAST < 22°C 
22°C _< MAST 

winter temperatures for all classes 


Table 2. Moisture zones according to Thornthwaite (1948). 


moisture zone 

perhumid 
humid 
subhumid 
semi arid 
arid 


moisture index 

100 and above 
20 to 100 
-20 to 20 
-40 to -20 
-60 to -40 


Table 3„ Distribution of soil series by climatic zone. 


temperature 
regime 

moisture zone 

arid semi arid subhumid humid perhumid 

subtotals 

51 

frigid 

2 

9 

21 

19 

mesic 

16 

23_ 

23 

37 6 

105 

thermic 

12 

10 

18 

30 

70 

hyperthermic 

subtotals 

1 

5 

2 

6 

1 4 __ 

31 

47 

64 

92 6 

240 






{total ) 

Table 4. Distribution 

of soils 

by soil 

order. 




benchmark soil 

series 

United States extent 

soil order 

number 

percent 

percent 

Mol li sol 

73 

30.4 

24.6 

Alfisol 

40 

16.7 

13.4 

EntisoJ 

39 

16.2 

7.9 

Aridisol 

25 

10.4 

11.5 

Ultisol 

22 

9.2 

12.9 

Inceptisol 

18 

7.5 

18.2 

Spodosol 

15 

6.2 

5.1 

Vertisol 

4 

1.7 

1.0 

Histosol 

4 

1.7 

0.5 


240 total 


old farmsteads, and any other areas of undesirable chemical or physical 
alteration of the soil profile. 

A second profile was located at a site about two to thirty kilometers 
from the first site and in a different mapping delineation. Sampling sites 
were investigated to verify the similarity of profile characteristics at 
the two locations before duplicate samples were taken. Specifically, 
obviously different surface texture phases were not desired. 

Samples represented the surface soil only and contained material from 
0 to 15 cm, if depth to a B horizon permitted. About two kilograms of 
soil were sampled at each site. Sample bags were identified as to soil 
series name, county, and soil survey sample number. Additional information 
regarding exact sampling location, physiographic position, topography, 
drainage, vegetation, and parent material was requested for each soil sample. 

The duplicate samples of 240 benchmark soil series form a collection of 
480 surface soil samples for detailed measurement of physicochemical char- 
acteristics and reflectance properties as they would be viewed by airborne 
sensors. All samples conform to the central concept of each individual 
soil series as each soil would be identified and mapped by an experienced 
soil surveyor in the field. 


So iL Sample Preparation 

After receipt of the soil samples and initial data logging, samples 
were dried, mildly crushed with a wooden rolling pin to break up clods, and 
passed through a 10 mesh sieve to remove all particles and aggregates larger 
than 2 mm diameter. Use of the soil size fraction less than 2 mm diameter 
for soil reflectance measurements was an attempt to standardize this proce- 
dure in line with the use of this same size fraction for most laboratory 
determinations of soil properties (SCS-USDA, 1972; Franzmeier, et al., 1977). 

Sieved soil samples were carefully divided and placed in cardboard 
containers which were identified as to soil series name, sampling number, 
and county where sampled. For each soil sample, one quart container was 
placed in storage at LARS for possible future study, while subsamples for 
soil characterization and spectral analysis were stored in pint containers 
at their respective work sites. 


Es t a bljsl hme mit_o f JJni form Moi s t u r e Ten sion 

Several factors led to establishment of a standard procedure for pre- 
paring large numbers of soil samples for reflectance measurements. Firstly, 
the nature of the spectroradiometer/refl ectometer setup permitted a view of 
a 3.2 cm diameter sample of whole soil in a horizontal position without 
the hindrance of glass slide covers or the artificial nature of very fine 
soil compacted under extreme pressure. Secondly, realizing that soil mois- 
ture plays a critical role in soil reflectance, and realizing that the 
extraneous contribution of soil moisture deriving from environmental fac- 
tors should be controlled as much as possible, a system capable of main- 
taining uniform moisture tension in soil samples was desired. Thirdly, the 
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U'rqo number of soil samples measured in this study (more than 500 total), 
and' the ideal operating load of 40 to 60 samples per spectroradiomoter 
session, required the use of a large volume soil moisture tension equili- 
bration apparatus. 

An asbestos tension table setup was chosen to equilibrate soil samples at 
approximately one-tenth bar moisture tension. A one-tenth bar tension is obtained 
by exposing the upper side of a membrane (in this case asbestos) to atmos- 
pheric pressure while a column of water 100 cm in height provides the ten- 
sion to the lower side (Kohnke, 1968). This moisture tension is somewhat 
drier than the aeration-porosity limit (approximately one-twentieth bar), 
but would be moister than the one-third bar wet limit of the range of plant- 
available water under general field conditions. Direct comparison to field 
soil moisture tension is difficult, however, because the moisture retention 
of sieved samples is known to increase over core samples at tensions less 
than 0.4 bar (Elrick and Tanner, 1955). 

Two 61 x 91 cm plexiglass-framed tension table units each with a 28 
sample capacity were constructed following the method of Jamison and Reed 
(1949) in which a more durable asbestos membrane is used in place of the 
blotter paper apparatus described by Learner and Shaw (1941). An additional 
feature added to the. units was a plexiglass top which covered the equili- 
brating soil samples and prevented exposure to room air currents while not 
sealing off the upper membrane to atmospheric pressure. Crusting of the 
son surface was avoided in this manner. 

Sample holders were designed to fit the specifications of the spectro- 
radiometer field of view and the tension table operating principle. A 10 cm 
inside diameter sample holder was selected to allow ample leeway in position- 
ing the sample with the 3.2 cm diameter field of view of the instrument. 

The depth of 2 cm provided sufficient soil bulk to obscure the bottom of • 
the sample holder, assuring that only soil was being viewed. The necessity 
for direct contact of the soil sample with the asbestos membrane was met 
by stretching 60 mesh brass strainer cloth taut and fastening it in a counter 
sunk groove in one end of the 2 x 10 cm plastic ring. While very littie soil 
fell through this fine screen, filter paper protected the asbestos from 
staining, and adequate contact with the asbestos membrane could be main- 
tained. The plastic sample rings were painted with non-reflecting mack 
paint to reduce unwanted reflectance. 

Soil samples were transferred to the sample holders with special care 
taken to avoid segregation of aggregate sizes. A level surface was obtained 
by striking off the excess soil with a straight edge (Figure 2). Samples 
were placed in large trays and deionized water was added to a depth of 
about 1 cm. After saturating the soil samples for about four hours, the 
samples were placed on the tension tables for 24 hours in order to reach 
equilibration (Figure 2). An equilibration time of 24 hours has been found 
to be more than adequate for most soils at the 100 cm water tension (Jamison 
and Reed, 1949). Samples were removed from the tension tables one at a lime 
for spectral measurement, and were replaced for subsequent sampling of the 
approximate soil area viewed to a depth of 1 cm for gravimetric moisture 
determi nation . 
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Figure 2 
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a. Soil sample and TO cm diameter sample holder. 



b. Saturated sample being placed on asbestos tensior 


Setup for laboratory spectral measurements of soils. 


table 



c. Fifty-six soil samples d. BRF reflectometer 

ready for spectral positioned for soil 

measurement after 24 sample detection by the 

hours equilibration at Exotech 20C spectro- 

100 cm H 2 0 tension. radiometer. 


Figure 2. (Cont.) 
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Reflectance measurements were made on batches of 56 so i s samples per 
spectroradiometer session. Soil samples within each batch were selected 
at random from amonq the 480 benchmark soil samples plus some other soils 
that were studied at the same time. Each batch contained two subsamples of 
a sample of Fincastle silt loam soil (Aerie Ochraqualf, fine-silty, mixed, 
mesic) as check samples. The run order within each batch was also randomized 
for the 54 soil samples plus two check samples. Ten spectroradiometer sessions 
were necessary to complete all the spectral measurements. 


Bidirectional Reflectance Factor Measurement 


An Exotech Model 20C spectroradiometer was used in an indoor configura- 
tion with a bidirectional reflectance factor reflectometer in order to obtain 
spectral readings in O.Olum increments in the 0.52-2.32|iin wavelength range. 

The short wavelength head of the spectroradiometer contains a silicon detector 
for measuring radiation in the 0.37 to 0.74pm wavelength range and a lead 
sulfide detector to cover two wavelength ranges, 0.65 to 1.3pm, and 1.25 to 
2.5pm (Silva, et al., 1971). Each of these wavelength ranges corresponds 
to one segment of a circular variable filter (CVF), through which spectral 
scans are made by rotation through the optical path in front of the detectors. 
Circular variable filters provide the instrument with the capability to operate 
under natural conditions because of the rapid spectrum scan time of 2 com- 
plete scans/sec (Learner, et al . , 1973). Data recording is done on both a 
multichannel strip chart recorder and on magnetic tape for subsequent digi- 
tization and computer processing. 

The sensing head of the spectroradiometer is mounted in a vertical fixed 
position approximately 2.4 ni above the sample stage. The illumination source 
is a 1000 watt tungsten iodine coiled filament lamp which transfers a highly 
collimated beam by means of a paraboloidal mirror to the sample-viewing 
plane. Incident irradiation is about 6° off vertical. The 3/4° field of 
view mode of the spectroradiometer is used to detect a sample area of about 
3.2 cm diameter (DeWitt and Robinson, 1976). 

Pressed barium sulfate is used as a standard to calibrate the instrument. 
After every fifth soil sample the pressed barium sulfate is measured to account 
for changes in intensity of the illumination source. The bidirectional re- 
flectance factor data are corrected for dark-level instrument offset and less 
than unity reflectance of the barium sulfate standard. Six complete scans 
covering the entire wavelength range are made and later averaged when the 
magnetic tapes are digitized and processed. 


Measurement of Phy sicochemical Pro perties 

All laboratory measurements of soil properties were carried out in the 
Purdue University Agronomy Department. Particle size distribution of organic 
matter-free soil was determined in the Soil Characterization Laboratory of 
this department. Eight particle size separates were measured on a percen • 
tane basis by weight: very coarse sand (2-1 mm), coarse sand (1-0.5 mm), 

medium sand (0.5-0.25 mm), fine sand (0.25-0.10 mm), very fine sand (0.10- 
0.05 mm), coarse silt (0.05-0.02 mm), fine silt (0.02-0.002 mm), and clay 
(• 0.002 mm) . 
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The procedure followed for particle size analysis involved initial 
removal of organic matter with hydrogen peroxide and heat (SCS-USDA, 19/2, 
Franzmeier, et al . , 1977). This is followed by fi tenng and washing 
through a Buchner funnel to obtain the organic matter-free soil port. on 
Sodium metaphosphate is used as a dispersing agent, ^ands are separt. 
from silt and clay by washing the dispersed sample on a 300 mesh sieve. 

Uay and silt contents are determined by sedimentation-pi petti rig while sand 
size fractions are separated by passing through a nest of sieves. 

Cation exchange capacity (CEC) was measured for each soil as the sum 
of extractable cations of Ca, Mg, K, Na plus extractable acidity ( )•> 

expressed in terms of mill iequivalents per lOOg of soil ; J^Jinn'for -al- 
extraction is used and extracts are analyzed by atomic absorption for -al 

cium and magnesium and by emission spectroscopy ! or /°^r/bariui^chloride 
( SCS-USDA, 1972). Extractable acidity is determined with a barium chloride 

and triethanolamine buffer solution by titration with hydrochloric acid. 

Base saturation is calculated as CEC minus extractable acidity, the ditier 
ence divided by CEC, and multiplied by 100 to express as a percentage. 

Organic carbon was determined by the modified Wa ^ JS]* ^°?Franz- 
of acid di chromate digestion with ferrous ammonium sulfate titration l Franz 
meier. et al . , 1977).' Beck, et al . (1976) found no significant difference 
among three methods of determining organic carbon content in soils in ex- 
olaining the variation in spectral response, and adequate results were o 
fained with the modified Walkley-Black procedure. 

Free (extractable) iron was measured by the so-called CBD procedure 
which involves reducing the iron with sodium dithiomte, chelating it with 
sodium citrate in a sodium bicarbonate buffer, followed by colorimetric 
measurement at 510 nm (Franzmeier, et al . , 1977) 

Data L oggin g Procedure 

An identification record containing complete soil taxonomic information 
along with site characteristics and laboratory analysis results was prepared 
and implemented for storage and rapid retrieval of all soils 
Dar t of the LARSPEC software package (Simmons, et al . , 19/j). me sons 
record consists of seven computer cards of information for each spec flo- 
ra diome ter observation. Information from these cards is placed toqet ier 
with the spectroradiometer measurement for each respective soil when the 
digital computer tape is reformatted. 

Summary descriptive information as desired can be obtained by using 
the data' Certification list processor of LARSPEC Data graphical display 
of soil spectral curves or of any other stored soil parameter n l _ 
using another LARSPEC processor. Wavelength bands can be specified for 
extraction of uveraqo response values from the toil reflectance curves lor 
subsequent use in statistical analysis. 


Catalog of Soil Spectra 


A format was de 
phys i cochemi ca 1 and 


ve loped for presentation of a selected number- of 
site characteristics together with the reflectance 
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curves for each pair of duplicate benchmark soils studied (Fiqure 3). The 
larqe quantity of data stored in the soil data base for each soil sample 
was reduced to include essential soil parameters that may be helpful in 
understanding the reflectance properties of that soil. Information included 
for each soil sample are: soil series name and state abbreviation, taxonomic 

subgroup and family, climatic moisture zone, parent material, county where 
sampled, horizon, slope class, drainage, texture class, percent sand, silt, 
and clay, moist and dry Munsell colors, percent organic matter, cation 
exchange capacity, iron oxide content, and moisture percentage by weight. 

The corresponding spectral curves are displayed as a plot of bidirectional 
reflectance factor {%) versus wayelenqth from 0.52 to 2.32pm (Stoner, 1979). 


RESULTS AND DISCUSSION 
Rep eat ability of Sp ectral Measurem e nts 

On each of the ten days in which soil spectral measurements were taken, 
two check samples were randomly assigned to each block of 56 soil samples 
as a verification of repeatability of the tension table apparatus as well 
as the instrument setup. Check samples consisted of subsamples of a larger 
surface soil sample of Fincastle silt loam, a fine-silty mixed mesic Aerie 
Ochraqualf. Resulting spectral curves for these 20 check samples were 
divided into two time blocks for sake of illustration (Figure 4). Reflec- 
tance of the check samples varied very little between the two check samples 
measured on the same day or among different days of measurement. In addi- 
tion, the moisture percentage by weight as measured gravimetrically follow- 
ing spectral reading differed by only 5?', relative to an-average content of 
31.3?;', moisture for any single soil sample. This served as a verification 
of the repeatability of the tension table apparatus for equilibrating soil 
moisture tension as well as for the sample preparation techniques. For the 
soil chosen as a check sample, the experimental procedure used to measure 
soil reflectance at equipotential moisture tension provided quantitative 
reliable spectral measurements in the 0.52 to 2.32pm wavelength range. 

In addition to the Alfisol check samples, several other reflectance 
measurements were made on subsamples of individual soil samples represent- 
ing the Mollisol and Oxisol soil orders. Reflectance measurements of two 
subsamples of Chalmers silty clay loam, fine-silty mixed mesic T.ypic i’apla- 
quoll, were made on separate days. Resultant spectral curves reveal almost 
identical reflectances for the two subsamples of this Mollisol (Figure 5). 
The high orqanic matter content (4.7/;.) Chalmers soil exhibits a character- 
istic concave shape contrasting with the convex shape of the lower organic 
matter content (1.4") Fincastle soil . 

Reflectance measurements of two subsamples of a high iron content (23?) 
Oxisol from Parana State, Brazil contrast sharply with the previous soil 
reflectance curves. (Fiqure 6). Again, spectral curves for subsainples of 
the same individual soil sample show very close correspondence at all wave- 
lengths from 0.52 to 2. 32pm. This soil from a prime soybean qrowinq region 
of Brazil has been classified as a very-fine oxidic thermic Haplic Acrorthox 
(Fasolo, 1978). 
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wi 1 1 1 dt .1 1 no. I 

on. use sandy loam 

; (ns I'.T/Si i nr. 

5 YU 3/4 (moist) 

7. SYR 4/6 (dry) 
0.487 O.M. 

6.0 iM-it/lOOp, CKO 
0.74': Fe () 


All horizon 
A slope* 
we) 1 drained 
i i lie sandy loam 

rr.s p/m :r.c 

5‘t H M 'S ( i« . i *. t ) 

7 SYR 4/6 (li v / 

<J. 71 >. O.M. 

15.7 ii.imj/ loti,-. < Kl 
1 . 5 V£ Fe.,0 


12.6 nwx* 1/.2 MWX* 



P ! MR ( RZ ) 


Will IE HOUSE ( RZ ) 


Ou.viil ( •■ Kaplustol?. 
f inu-sJ.lty, mixed, tin nnic 
arid /.mu* 
mixed alluvium 
Santa Cruz Co. 


l*s 1 o i 1 j v Ha t> 1 a ; };i d 
I i tu* , mixed, 1 lie r ml e 
at ii! zone 
mixed alluvium 
Sant.: Cruz Co. 


Ap horizon 
A slope 
well drained 
silly clay 
32 S 4 87; Si 442C 
7.5YR 3/2 (moist) 
10 YR 4/2 (dry) 
3,667; O.M. 

32.6 tr.eq/lOUp. CKC 
IV .,0 

so. 9 s 


Ap horizon 
A slope* 
well chained 
Kilty clay loam 
o%S 5 2 /-St 397'C 
7. SYR 3/2 (moist) 
10YR 5 '2 (dry) 

1 .867: O.M, 

44.8 meq/ 100 r CKC 
1.257: iv,,o 3 

.0 nw/.» 


AI horizon 
A slope 
well dt .lined 
fine sandy loam 
S27.S 3 4 US i 1 47.0 
SYR 3/3 (moist) 

7. SYR 4/4 (dry) 
1.682 O.M. 

IS. 7 liieq/ 1 Ot!j; CKC 
1 IV,0. ( 

zi.o naz« .. . .. 


A l noli /on 

h slope 
well drained 
* a inly loam 
6. ’ZK 7 62 S i 1 2J.C 
SYR 3/} (moist) 
/.SYR 4/4 (dry) 
i . nv\ o.m. 

10.6 mecj/UWp CKC 
I.K 32 !V t O 

o r.w%» . - 
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Fiqure 3. example of soil information in cnl.Oioq of '.oil spoct.rn 
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Figure 4. Soil reflectance curves and moisture percentages by 
weight (MW") for 20 check samples of Fincastle si 1 , 
a fine-silty mixed mesic Aerie Ochraqualf, from ten 
different setups of the tension table apparatus. 
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Figure 0. Soil reflectance curves, for two subsamples of Chalmers 
si cl , a fine-silty mixed mesic Typic Haplaquoll. 
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CASCAVEU PR. BRASIL) 

32.5 MW’/. 1 ■ — 34.9 MW'/.' 
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Figure 6. Soil reflectance curves for two subsamples of a high iron, 
clay surface soil, a very-fine oxidic thermic Haplic 
Acrorthox. 
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Using these highly contrast. ing curves for representative soils from 
the Alfisol, Mollisol, and Ox i sol soil orders as examples, the repea talvil i ly 
of soil reflectance measurements using the described preparatory and instru- 
mental procedures can be demonstrated. 


Soi 1 Ueflectance/Absorpt ion Characteristics 


Curve Types 

Condi t (1970, 1972) first characterized soil reflectance curves by 
three types of curve shape. Type 1 curves exhibit rather low reflectance 
with a slightly increasing slope which gives them their characteristic con- 
cave form from 0.32 to about 1.0pm. Soil reflectance curves for certain 
Mo 1 1 i sol s (Figures 5 and 7) and Vertisols (Figure 8) are seen to follow 
this general curve type. However, from about 1.0 to 1.3pm the slope is 
seen to be nearly constant for these soils, a characteristic overlooked by 
Condi t. because of the limited spectral range (0.32 to 1.0pm) of the instru- 
ments used. 

Type 2 curves are characterized by a generally decreasing slope to 
about 0.6pm, followed by a slight dip from 0.6 to 0.7pm, with continued 
decreasing slope beyond 0.75pm. The result: is a typical convex shaped 
curve from the visible to 1.3pm. Some soils from the Alfisol soil order 
(Figure 4) and certain Ultisols (Figure 9) can be seen to exhibit this 
Type 3 curve shape. It has been observed that Type 2 soils tend to be 
belter drained and lower in organic matter content than Type 1 soils. 

The third type of soil reflectance curve observed by Condit shows a 
slightly decreasing steep slope to about 0.6pm, followed by a slight dip 
from 0.62 to 0.74pm with the slope decreasing to near zero or even becoming 
negative from 0.76 to 0.88pm. Beyond 0.88pm (to 1.0pm) the slope increases 
with increasing wavelength. The Talbott soil, a humid thermic region Alfi- 
sol, can be seen to demonstrate this Type 3 curve shape (Figure 10). Mod- 
erately high free iron contents are observed in most Type 3 soils. 

Because of the limited scope of the Condit studies other curve types 
were not observed or described. Although similar in some respects to the 
Type 3 curve, a fourth curve type is seen to exhibit decreasing slope from 
0.88 to 1.0pm with the slope decreasing to zero and becoming negative from 
1.0 to 1.3pm (Figures 6 and 11). This fourth curve type lias been observed 
in soils high in iron content and also high in organic matter. 

Yet another modification of the Type 3 curve shape which could he con- 
sidered, a fifth characteristic curve type is that in which the slope drops 
to zero and becomes negative from O./bpm to 1.3pm (Figure 12). In this 
curve type, the reflectance at 1.3imi is actually lower than the reflectance 
in the red portion of the spectrum. Only this fifth curve type has been 
observed not to sliow the strong water absorption hand at 1.45pm, while every 
soil in this study shows the strong water absorption hand at 1.95pm. Soils 
showing this fifth curve type are very high in iron content with low organit 
matter contents. 
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DRUMMER ( IN 


Typic Jlaplaquoll 
fine-silty, mixed, me sic 
humid zone 

thick loess over outwash and drift 
Champaign Co. 


Ap horizon 
A slope 
poorly drained 
silty clay loam 
13%S 56%Si 32%C 
10YR 2/1 (moist) 
10YR 3/2 (dry) 
5.61% O.M. 

40.3 meq/lOOg CEC 
0.76% Fe 9 0 


Ap horizon 
A slope 

poorly drained 
silty clay loam 
8%S 60%Si 32%C 
10YR 2/1 (moist) 
10YR 3/2 (dry) 
6.09% O.M. 

41.7 meq/lOOg CEC 
0.92% Fe 2 0 3 


41.1 MU'/.' - 40.2 MW/. ‘ 
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cn 


o +- 

.4 



1-1 -4 -1 
.7 


t -1- 1 -1 


1. 


1.3 


I f 1 -• i 
1.6 


* ! I 

1.9 


l I 

2.2 


I t 


WIWF.LENGTH UM) 


Figure 7. Reflectance curves, soil analyses and site character- 
istics of duplicate samples of the Drummer soil 
series. 
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RINITYt IX) 


Typic Pelludert 

very-fine, montmorillonitia, thermic 
subhumid zone 

calcareous clayey alluvium 
Kaufman Co. 


Ap horizon 
A slope 

s. poorly drained 
silty clay loam 
18%S 46%Si 35%C 
7.5YR 3/0 (moist) 
10 YR A/1 (dry) 
3.53% O.M. 

38.9 meq/lOOg CEC 
0.47% Fe 2 0 3 


Ap horizon 
A slope 

s. poorly drained 
clay 

1%S 29%Si 70%C 
10YR 3/1 (moist) 
10YR 4/1 (dry) 
3.17% O.M. 

92.8 meq/lOOg CEC 
0.77% Fe 0 


43.1 MUX* 62.9 MWZ» . . 


'-in 


20 - 
x 

l £ io -• 

CD 


O' 


. 4 



Figure 8. Reflectance curves, soil analyses and site characteristics 
of duplicate samples of the Trinity soil series. 
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i-^rnLRicKivm 


Typic Pnleudult 
clayey, mixed, mesic 

humid zone 

clayey residuum from dolomitic 
limestone 
Rockingham Co. 


Ap horizon 
C slope 
well drained 
silt loam 
21%S 62%Si 17%C 
10YR 4/4 (moist) 
10YR 7/4 (dry) 
1.16% O.M. 

7.2 meq/lOOg CEC 

1.30% Fe 2 0 3 


27.1 MW7.‘ 


Ap horizon 
C slope 
well drained 
silt loam 
20%S 65%Si 15%C 
10YR 5/4 (moist) 
10YR 7/4 (dry) 
2.47% O.M. 

10.1 meq/lOOg CEC 
1.23% Fe 2 0 3 


33.6 MW*/. * 


30 - 

20 -- 
x 

It 10 

CO 

0 - 

.4 
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.7 
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Figure 9. Reflectance curves, soil analyses and site character- 
istics of duplicate samples of the Frederick soil 

series. 
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TRLBOT T ( I'N) 


Tvpic Hapludalf 
fine, mixed, thermic 

hu:nid zone 

clayey limestone residuum 
Rutherford Co. 


Ap horizon 
B slope 
well drained 
silty clay loam 
14%S 5 8% Si 28%C 
7 .5YR 4/6 (moist) 
10 YR 6/6 (dry) 
1.84% O'.M. 

15.6 meq/.LOOg CEC 
3.68% Fe 0 


28.2 m>:« 


Ap horizon 
B slope 
well drained 
silt loam 
11%S 67%Si 23%C 
7.5YR 4/6 (moist) 
10YR 6/6 (dry) 
2.50% O.M. 

13.8 ineq/lOOg CEC 
3.34% Fe 0 


30.2 m%» 



WRVF.LENG1H l wM) 


Figure 10. Reflectance curves, soil analyses and site characteristics 
of duplicate samples of the Talbott soil series. 
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W l P0tm L PAGE 18 

1 P0 °R QUALITY 


ONTONRGONt MI ) 


Glossic Eutroboralf 
very fine, mixed 

humid 20 ne 

glacial lake plain sediments 
Ontonagon Co. 


Ap horizon 
B slope 

mod. well drained 
clay 

7%S 22XSi 70%C 
2.5YR 3/6 (moist) 
5YR 6/4 (dry) 
4.88% O.M. 

38.0 meq/lOOg CEC 
1.73% Fe 2 0 3 


47.5 MW'/. « 


Ap horizon 
B slope 

mod. well drained 
clay 

6%S 29%Si 66%C 
2.5YR 4/4 (moist) 
5YR 6/4 (dry) 
3.95% O.M. 

31.6 meq/lOOg CEC 
2.76% Fe 2 0 3 


43.2 MW’/. 1 
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0 
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Figure 11. Reflectance curves, soil analyses and site 

characteristics of duplicate samples of the 
Ontonagon soil series. 
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LONDRINA! PR. BRASIL ) 

Typic Hap lor th ox 

very-fine, kaolinitic, hyperthermic 
humid zone 
basalt 

Municipio of Londrina 


Allp horizon 
C slope 

excess, drained 
clay 

9%S 14%Si 77%C 
2. SYR 3/6 (moist) 

2.5YR 4/6. (dry) 

2.28% O.M. 

22.1 meq/lOOg CEC 
.25.6% Fe 2 0 3 

33.1 MW7.» 30.4 


30 4 


20 


x 

oZ 10 "t 
m 



— -) — | — | -—-I • — 1 — 1 — 1--|- H — I — I — I — 

.7 '• 1.3 K6 

WAVELENGTH UM 


-4 -1—1- -I -H- LH 

2.2 

1.9 


Figure 12. Reflectance curves, soi I analyses and site characteristics 
of subsamples of a soil from Londrina, Parana State, 
Brazil . 
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Absorption Rands 

As mentioned previously, strong water absorption bands are present at 
1 45 and 1.95pm for almost all the soils studied (figures 4 to 16).. The 
broadness of these bands indicates the presence of water molecules in rela- 
tively unordered sites, probably as water films on soil particle surfaces 

(Hunt and Salisbury, 1970; Angstrom, 1925). Weak wa J er /5 S ° rP cln^ b ?Fimjrp 
1.2 and 1.77pm can be seen in low organic matter content fine sands h 
13). These weak absorption bands correspond to the absorption bands observed 
in transmission spectra of relatively thick water films of the type that, may 
be expected to fill the voids between fine sand grains (Lindberg and Snyder, 

1972). 

The 2.2pm hydroxyl absorption band is difficult to identify in moist 
soil spectra but can be seen in samples of Talbott and Ontonagon soils 
(Fiqures 10 and 11). Absorption due to the hydroxyl ion also occurs at 
1.45pm, but is not observed in any of the soils in this study because o 
the predominance of liquid water absorption in this same region. 

Iron absorption bands occur either as well resolved dips in the reflec- 
tance curve or as broad features centered on specific wavelengths but extend- 
ing their influence over a wide range of wavelengths. The ferric iron ab- 
sorption band at about 0.87pm is the most common seen in soils of 
A sharp, well-defined ferric absorption band at 0.87pm can be seen 
of a fine sand with iron oxide coatings (Figure 13) while another 
ferric band closer to 0.9pm is seen in a silty clay loam Molnsol . - 

This same ferric absorption band can be quite broad, extending its influence 
over a 0.2pm-wide band centered on 0.9pm (Figures 10 and 11) or even forming 
a conduction band whose influence extends into the u midd1 ^.|’ n f ra r ed n r Q Ci ^ on 
(Figure 12). In most but not all of those soils that exhibit the 0.9pm 
region ferric band, a slight dip attributable to the ferric ion occurs at 

(Fiqures 10, 11, 12. and 13). The slight ferric iron absorption band 
at 0.7pm together with the stronger 0.9pm ferric iron absorption band pro 
duces the characteristic Type 3 curve shape or modifications thereof. 


this study, 
in samples 
sharp 

(Figure 7). 


present in a soil appears to affect the sciength 
ion when comparing soils similar in most charac- 
iron content. An example is the Cecil soil 
cate samples differ markedly in their free iron 
sinq similar texture and organic matter contents 
ample, with over four times the iron oxide con- 
shows pronounced ferric iron absorption bands at 
rst sample exhibits only slight absorption in 


The quantity of iron 
of the ferric iron absorpt 
teristics except for their 
series, in which the dupl i 
oxide content while posses 
(Figure 14) . The second s 
tent of the first sample, 

0.7 and 0.9pm while the fi 
these bands. 

As was observed in reflectance studies of minerals (Hunt and Salisbury, 
1971a), very small amounts of iron may impart characteristic iron absorp- 
tion bands to soils. Soil samples of Leon sand show a sharp ferric iron 
absorption band at 0.9pm even though only a trace of free iron oxides was 
measurable (Figure 15). 


Ferrous iron absorption is more difficult to identify in 
samples in this study. Typically, the ferrous ion produces a 
1.0pm. Close observation reveals evidence of the l.Oum ferrous band in 


the soil 
band near 


TGQUOP(NV) 


Typic Torripsainment 
mixed, thermic 

arid zone 

deep sandy alluvium 
Clark Co. 

A1 horizon A1 horizon 

A slope A slope 

excessively drained excessively drained 
fine sane fine sand 

92%S 5%Si 37. C 94% S 3%Si 3%C 

5YR 6/6 (moist) 7.5YR 5/6 (moist) 

7.5YR 7/6 (dry) 7.5YR 7/6 (dry) 

0.0% O.M. 0.23% 0. M. 

9.C meq/100g CEC . 4.9 meq/lOOg CEC 
0.20% Fe 2 0 3 0.30% Fe^ 


ii.9 ww%> 14.5 mv.* 



WAVELENGTH ( uM ) 


Figure 13. Reflectance curves, soil analyses and site characteristics 
of duplicate samples of the Toquop soil series. 
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CECIL(NC) 


'rypic llapludult 
clayey, kaolinitic, thermic 
humid zone 

acid igneous and metamorphic rocks 
Catawba Co. 


Ap horizon 
B slope 
well drained 
sandy loam 
70%S 23%Si 7%C 
10YR 5/4 (moist) 
10YR 6/4 (dry) 
2.127. O.M. 

8.8 meq/100g CEC 
0.64% Fe 0 


Ap horizon 
B slope 
well drained 
loam 

51%S 28%Si 21%C 
10YR 4/6 (moist) 
7.5YR 6/6 (dry) 
2.24 % O.M. 

10. 0 meq/lOOg CEC 
2.64 % Fe 2 0 3 


15.9 MW/. * 11.2 MW/. 1 _ 


30 + 



0 


■I — I — 1 — I — I 
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-I- -4- 4 - 4 4 | 

1 . 

1.3 


1 


4 - 4- -1 4- : I 


.6 
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Figure 14. Reflectance curves, soil analyses and site 

characteristics of duplicate samples of the Cecil 
soil series. 
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LEON ( FL ) 


Aerie llaplaquod 
sandy, siliceous, thermic 
humid zone 
acid marine sands 
Bay Co. 


A1-A21 horizon 
A slope 

poorly drained 
sand 

97%S 2%Si 1XC 
7.5YR A/1 (moist) 
10YR 7/1 (dry) 
0.85% O.M. - 

2.1 meq/lOOg CEC 
trace 

12.1 MW/.- 


A1-A21 horizon 
A slope 
poorly drained 
sand 

99%S 0%Si 1%C 
10YR 5/1 (moist) 
10YR 6/1 (dry) 
1.07% O.M. 

mon/lOOg CEC 
trace Fe^O^ 


16.3 MW/.'__ 



WRVELENGTH ( uM 1 


Figure 15. Reflectance curves, soil analyses and site character 
i sties of duplicate samples of the Leon soil senes 
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several samples of poorly drained soils. One of the ^ p ]^ 0 rption band 

what poorly drained Trinity senes show, a Xt ferric -band at 0.9, mi (Figure 
O in , while the other sample shows a sliqnt tuii trace 0 f free iron 

l) 'jhe sample of poorly drained Le0 J .^ n ^d 5t 1 Oum in addition to the 
ako exhibits a slight ferrous absorption b at 1 " ter soil such as 

?hX^raiX d l RS”.rt iinlr. io- l-ous and ferric bands, nospnc- 

tively at 1 0 and 0.9„m are evident (F lq une 16). 

Comparison with Munsell Designations 

Son ,s with the same Mansell colon designation do 
the same reflectance characteristics. It c one v , 5Ual sensation of 

wavelength reflectance curve produces one a * , distributions which 

color, whereas for any color there exist m ? co iors may differ 

ife reflectance characteristics. 

Three soils that have same ^^^"refle^ 

2.5YR 3/6 are quite different in 1s a loamy fine sand with 0.6* 

(Figure 17). The Dill soil from Oklahoma frQm $pain 1S a clay 

organic matter and 0.8% iron 0* 1 • ox ide. The soil from Londrina, 

with 1.28% organic matter and .^ted c lay with 2.28% organic matter 
Parana State, Brazil is a highly aggreg d £ curves show varying degrees 

sss?i & 

^general 1 1 ower°ref 1 ectance 3 i n SMU’th* the other two. 

Both visible and infrared reflectance can Jell owl sh^ brown soils 

soils with the same Munsell color desig at n. y a$ examples (Figure lo) 

with the Munsell color designation of 7. 5YR&/os ^ 3<3% iron 

Talbott silt loam from Tennessee has^2. 5. orgar "; c of Sout hern Bahia 

oxide. The clayey Oxisol from the mo ^ hgs 21 M iron oxide. 

State, Brazil contains only 0 3/. organic macc from Bahia indicate 

X-ray diffractograms of the clay ^ d ^ olini ^ e an d goethite (Resende, 1976). 
the presence of cjibbsite bs we . RahiB soil corresponds 

rn broad absorption band centere or . 1.M " ^ d B J h f ,a gibbsito by Hunt 

to the band described as a hydroxy l abs Ptio ^ ferric iron ab- 

et al. 0971b). This f am 5.?Sllt Sxh 1 bf ts the ferric iron absorption bands 
sorption band at 0.7um. , pxtent Absorption characteristics re 

at 0.7 and 0.9jim to a much lesser • v be deterni i ne d from 

lated to the mineralogy of these wo o color evaluati o n 

visible and infrared ^fleetance pn °P®™ prop erties of these two 

gives the erroneous notion that tne rentua , 

soils are similar. 

As1de from mineral soil differences 

and soil reflectance P™P^ depending on the decomposition state 

s,s-,s,sr'ii"s: ■ « ”* ~ 
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I CKI- ORDC M I ) 


Aerie llaplaquept 
fine, mixed, nonacid, frigid 
humid zone 

clayey glacial till or 
lacustrine material 
Chippewa Co. 


A11-A12 horizon 
A slope 

poorly drained 
silty clay 
5%S 48%Si 47%C 
SYR 2.5/2 (moist) 
10YR 4/2 (dry) 
14.57% O.M. 

5.1 .6 meq/lOOg CEC 


Ap horizon 
A slope 

poorly drained 
clay 

7%S 29%Si 64%C 
10YR 3/2 (moist) 
10 YR 5/2 (dry) 
15.16% O.M. 

50.8 meq/lOOg CEC 


3. 71% Fe 0 


0.64% Fe^O^ 


60.8 MW%< 


62.3 MUX' 


ctl 10 " 

CD 


c-C' -■ 
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Figure 16. Reflectance curves, soil analyses and site character- 
istics of duplicate samples of the Pickford soil 
series. 



ectance curves for three soils 
gnation of 2. SYR 3/6. 







Reflectance curves for three black organic soils represen 
three decomposition states of organic material. 
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infrared region resemblinq the infrared reflectance of senesced leaves 
(Gausman, et al., 1976). This increased infrared reflectance has been 
attributed to tissue morphology in which an increased number of air voids 
provide more air-cell interfaces for enhanced reflection. It is probable 
then that remnant cell structure of well preserved fibers contributes to 
the higher infrared reflectance of slightly decomposed organic material. 

Munsel I color designation for all of the soils in this study were com- 
puter coded together with the reflectance of each corresponding soil, per- 
mitting the display of averaged reflectance values for soils with specified 
Munsel 1 color designations. For the Munsell hue 1 OYR, five levels of chromas 
were distinguished for moist soils (Figure 20). It is interesting to notice 
that the averaged reflectance for the 1 OYR /I chroma resembles the Type 1 
curve, while those of the 10YR /2, 10YR /3, and 1 OYR /4 chromas resemble 
the Type 2 curve. The averaged reflectance for the increased purity or 
saturation of the 1 OYR /6 chroma resembles the Type 3 curve. In general, 
reflectance increases throughout the visible and' infrared wavelengths with 
increasing Munsell chroma. 

A similar technique was used to display the averaged reflectance values 
for soils with specified Munsell color values for the hue 1 OYR (Figure 21). 
Munsell value refers to the relative lightness of color and is a function 
of the total amount of light. As such, it was not unexpected that averaged 
reflectance for soils with specified Munsell values increased throughout 
most of the visible and near infrared spectrum with increasing Munsell chroma. 
Middle infrared reflectance was similar for soils with Munsell values of 
10YR 5/ and 1 OYR 6/. When the reflectance limits of the 95" confidence inter- 
vals for soils having specified Munsell values are displayed, overlapping is 
seen to occur for soils evaluated as having different Munsell values (Figure 
22). Munsell values 1 OYR 2/ and 10YR 3/ are still seen to have separate 
reflectances in the visible although their reflectances overlap quite a 
bit in the near and middle infrared. Munsell values 1 OYR 3/, 10YR 4/, 1 OYR 5/, 
and 10YR 6/ overlap with adjacent values even in the visible wavelengths. 

Comparison between averaged reflectance spectra and soils evaluated as 

having specified Munsell notations reveals the difficulty of using Munsell 
color designations to describe in a precise and quantitative manner the 
actual reflectance properties of soils. Important reflectance/absorption 
characteristics of both mineral and organic soils can be described adequately 
only with the use of spectroradiometric reflectance data. 


Averaged Spectra of Soil Component and Site Classes 
Organic Matter 

Orqanic matter content is one of the soil parameters most important in 
understanding soil reflectance. State of decomposition of organic soil 
materials has been seen to influence the character of orqanic soil reflec- 
tance curves (Figure 19). When mineral soils are grouped into three levels 
of organic matter content: 0 to 3:", 3 to 5:’', and 5 to 10'., the resulting 

averaged reflectance curves exhibit decreased reflectance with increasing 
organic matter content throughout the 0.52 to 2.32um wavelength region 
(Figure 23). The soils in the 5 to 10: organic matter range show some 
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specified chromas f or the Mimsell hue 10YR. 



Averaged reflectance spectra for soils evaluated as 
specified values for the Munsell hue 10YR, 
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Figure 22. Bracketed reflectance spectra representing the 95 % confidence 
intervals for soils evaluated as having specified values for 
the Munsell hue 10YR. 



23. Averaged reflectance spectra for mineral soi 
levels of organic matter. 




characteristics of the concave-shaped Type 1 curve, whereas soils in the 
0 to 3/'. and 3 to 5:" ranqes follow the Type 2 curve pattern. The ma nnitu - 
of differences in reflectance between the curves of these three organic 
matter n^nnes seems to be greater in the visible and near infrared regions 
than in the middle infrared wavelengths . This qu,l (TwV)' and 

supports the findings of Mathews o to 073 ) . Beck, o ; 


SUOUUI UIU I I 1 S'. . 1 - • • ■ , ,, 

Montgomery (1976) that reflectance in wavelengths up to 1.4 
separating organic matter levels in soils. 


Particle Size Distribution 

Reflectance of pure kaolinite in size fractions from coarse silt to 
very coarse sand was found to increase exponentially with decreasing par- 
licle size (Bowers and Hanks, 1965). Reflectance differences among specific 
textural classes of naturally occurring soils have not been reported. By 
grouping all of the soils in this study that fall into specific textural 
Classes and averaging their reflectance curves, generalizations can be 

made about the reflectance properties of different soil particle size classe 


Sandy loam soils 
of fine and. very fine 
especially prominent 
with the findings of 
finer sand size parti 
which reflect more li 
sandy loams which in 
fewer light traps to 


are seen to increase in reflectance as the proportion 
sand becomes larger (Figure 24). This increase is 
in the near infrared wavelengths. This is in agreement 
Bowers and Hanks (1965) and Orlov (1966) that finer and 
cles tend to fill voids and result in smoother surfaces 
qht. Very fine sandy loam soils reflect more than fine 
turn reflect more than sandy loams because there are 
extinguish the incident flux as sand particles become 


A similar relationship is seen in the reflectance curves of sand and 
loamy sand textured soils (Figure 25). Fine sandy soils reflect “ ian 

loamy fine sands at all wavelengths. Possible lower otganic matter con 
tents associated with the fine sand texture result in higher reflectance 
values'* than for loamy fine sands. Loamy fine sand, in turn, reflects more 
than loamy sand in the visible and near infrared because of the tendency 
for thufinor sand particles to fill voids and form a smoother reflecting 
surface Loamy coa.-se sand reflects less than any of these three textures 
because of the predominance of light-trapping voids between coarse sand 
grains. 


The situation is : 
(figure 26) . When- con 1 
differences are best v 
Contrary to previous o 
in this middle i n f ra re 
textures. Here the fo 
soils creates a differ 
single grain structure 
explained in terms of 


reversed, however, for medium to fine textured soils 
sidered as a group, the often slight reflectance 
iewed in the 2.08 to 2.32um middle infrared region, 
bservations in sand textured soils, the reflectance 
d region can be seen to decrease with finer and finer 
irmation of water stable aggregates in fine textured 
■ent viewing surface than is the case with the often 
, of sandy coils. Reflectance differences cannot oe 
individual particles filling voids to varying degrees 


Reflectance of soils in the middle infrared region has been most 
closely related to soil moisture content (Bowers and Smith, < > ■ ( ? 
reasonable explanation for the decreased reflectance in the ...08 to 
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Averaged reflectance spectra for soils with medium to 
textures . 
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wavelength region with finer and finer textures is the associated increase 
in moisture content with increasing clay content in the soils. High clay 
content soils tend to hold more water at one-tenth bar moisture tension 
than do silty soils. As will be seen later, both moisture percentage by 
weight and clay content are negatively correlated with reflectance in 
band 2,08 to 2.32|im. This would explain decreased reflectance in this 
band with finer textured soils. 


Soil Taxonomic Order 

Averaged reflectance spectra for soils representing the ton soil orders 
of the U.S. soil taxonomy (Soil Survey Staff, 1975) are helpful in under- 
standing the interrelationships among soils that may occur together in a 
landscape as well as among soils of very contrasting origin (Figure 27). 

Hi stosol s and Mollisols are seen to have very low overall reflectance as 
can.be expected due to their elevated organic matter contents. Only Oxisols 
exhibit lower reflectance than Histosols in the middle infrared region. The 
high organic content surface horizons diagnostic for Mollisols are respon- 
sible for their low reflectance. Both Mollisols and Histosols exhibit the 
characteristic concave Type 1 curve. Vertisols also have this Type 1 curve 
shape but show a much higher middle infrared reflectance than Mollisols. 

Ultisols reflect more than Alfisols at all wavelenqths. Although the 
defining characteristics of these two soil orders are based on differences 
in base saturation of subsurface horizons, the generally stronger leaching 
and oxidation conditions unoer which it forms result in overall higher soil 
reflectance of the Ultisol compared to the Alfisol. Ultisols, because of 
a higher iron oxide content resulting in prominent ferric iron absorption 
bands at 0.7 and 0.9imi display the Type 3 curve. Alfisols as well as Aridi- 
sols, Entisol s, Inceptisol s, and Spodosols have Type 2 curves. The limited 
sample of five Oxisols exhibits the previously described fifth curve shape 
character! - sti c of very highly weathered soils high -in free iron oxides. 


Parent Material 

As one of the soil forming factors, parent material can be expected 
to demonstrate an eventual influence on soil reflectance. Certain soils 
referred to as lithochromic are even known to owe their spectral colors to 
inheritance from the parent material rather than from soil -forming processes. 

Most of the soils in this study were grouped into six broad parent 
material categories. Averaged reflectance curves for soils falling into 
these categories show different magnitudes of reflectance which are espe- 
cially prominent in the 1.55 to 1.75nm middle infrared region (Figure 28). 
Igneous parent material soils show the effect of ferric iron absorption at 
0.9imi and even display a definite hydroxyl absorption band at 2.2|im. Soils — 
of glacial origin reflect the least of all the parent motor ial groupings, 
an observation that can be explained by a combination of factors including 
finer silt and clay size particles ground by the glaciers as well as higher 
organic contents resulting from prairie grass vegetation adapted to glacier- 
flattened plains. 
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geci reflectance spectra for soils representing ten orders 
taxonomy (Soil Survey Staff, 1975). 



Averaged reflectance 
materials. 













Minernloqy 

tnxonly lit 5 ",! 1 'ES^iK? J? C,i " SeS ° r "- S ' »' ' 

'»«?»» t and initial conditions under whirl r«n ' L ovoral 1 ™viron- 

the time of soil formation. •>°il-fonninq processes proceed over 

show iMriETramJe ' of ref fee tances * ( F i nuro"^ 1 ^ classes 

reflect more at all wavelcnqths thin inv^ti ’ S' 01 S w , 1th qy,,sic mineraloqy 
ni tic soils reflect t than any other class, whereas montmori 1 lo- 

solls display a very f^ reflectancc C curve b | ° t0 | 1 A°o"' Micaceous '"inera loqy 
i 01 cj- n f .if y . ‘ r, cui vo beyond 0.8|im and reflect the 

« r i , si? ?“ s siVi SsisiSted s e hlsr sr vi s,bi . e 


Temperature Req ime 

soil Jorainffactor LenlT' mSf c } ilMte ! s '""Sidered to ho on independent 
...any of the reUttnfeiv d * ' th “l™ • 

deco, ; , t) „ s it 10 ,, 1S almost dl^tlj SlX ^ ~ Lre 

n/o). Ortiorm: matter contents tend t.n decrease oltho lUoraWraincraases. 

so*, t°xiL;!rSnu“^ i ;;!c t etiec^ r ni ,, r ^ 

properties (I in , “e 30 re niH 1 temperature on soil reflectance 

soils from the v isible'no f 1 ’ \ n ?' s0 ' s rc,U ' ct than ™osic region 

slightly o renter rcflecLn,« in the ? oh'u ™"' r° lll ''!l™ t 1 ' i,uL •»*« " 
mesic renion sniK Uinho^ ^ * ’ 1 ,c . o# t nii wavcloncuh recjion titan 

^t™ hCT^? e: i ect"^°^%;:o s n c ^ u ^ r f v 

S ^ r; , r ,th ° r 

M" , 'trv^-[nTiK t ;;» r T :U m r " mi[ " ,,y 



Averaged reflectance spectra for soils having specified mineralogies 




65 


soils involved (fourteen soil series) may not form an adequate representa- 
tive sample of hyperthermic reqion soils. 

With increasing soil temperature, soil colors tend to become less gray 
and more reddish. Although these reflectance curves have not been assiqned 

hroid ^ e q 1qnatlons ’ n can be observed that warmer region soils display a 
b oad 0.9|im iron absorption band that is usually seen in red-hued soils. 

This band is not as prominent in cooler region soils. 

Moisture Zone 

Water is a vital agent in the formation of soil. Water acts to dissolve 
soluble material, promote the growth of plants and other organisms that con- 

rVr 9an ^r teria l t0 the soi1 ’ transport material from one parf of 
the so 11 to another, and physically alter soil material upon freezinq The 

f n e r ( bCo! fU et a??! T973) t6r 00 the am ° Unt ° f Water in the so ^" P™- 

Composite re ^^ e ctance curves averaged for soils grouped by moisture 
zone revea the greatest differences in the visible and near infrared por- 
tions of the spectrum (Figure 31). Arid soils which could be expected^o 
have the lowest organic matter contents reflect the most in this^rganic 
..„tte, sensitive wavelength interval. Perhumid zone soils high in organic 
latter reflect the least at all wavelengths, probably in part because of 

in C the S UnitId y s^fpf - a ? s ° c1at e d with hiqher rainfall. Subhumid zone soils 
in the United States include a large number of soils formed under prairie 

10n ,f d ’ as such ’ can be exbected to exhibit lower Visible and 
ear infrared reflectance than the predominantly forested humid zone soils. 


rv * - ! - ^ ~ ~ 

i u i i iui vie 


of fhXXiX 65 have a specific internal drainage which is indicative 

the5 formed P ° S i ltl0n broader climatic con ditions under which 

they formed. Even for soils in which the marks of seasonal soil saturation 

may by definition extend upward no higher than to horizons untouched by* 
tillage equipment, the soil-forming processes involved exert their influence 
on the whole soil profile and often are evident in the surface soil. 

rpflprt!nr by 1nber !? a ^ drainage class display ever decreasing soil 
reflectance with increasingly poorer drainage (Fiqure 32). Well drained 
and moderately-well drained soils show very little difference in reflec- 

lesTthin C alJv d of e t^ P nJh ed ’H V - ry P °°\ ]y drained so11s reflect considerably 
ho wnii / y a th< l 0tf ] er dr ® lna r ,e classes at all wavelengths. Whereas 
the well drained and moderately-well drained soils show evidence of ferric 
iron absorption at 0.9pm, all three poorly drained soil clases lack the 

X^ 1 ! T ? bS °r pti ? n b ?" d - As a site characteristic integrating the 
of climate, local relief, and accumulated organic matter soil 
drainage characteristics can be expected to be closely associated with 
t eflectance properties of surface soils. 
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Figure 32. Averaged reflectance spectra for soils formed under specified conditions 
of internal drainage. 
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Relationships of Soil Reflectance 
to Physicochemical and Si te Characteristics 

Correlations 

For the purpose of statistical analyses, all of the 481 soil samples 
from the continental United States were considered as single observations. 
Three soil series without duplicate samples account for the odd numbered 
total. None of the non-United States soil samples were included in statis- 
tical analyses. 

The decision was made to treat each soil sample as a separate obser- 
vation for several reasons. Firstly, it was not the purpose of the study 
to test for significant differences between reflectances of a given soil 
series. Each pair of duplicate samples for a given soil series was assumed 
to represent an allowable ranqe of soil physical, chemical, and reflectance 
properties as nearly as that soil could be identified and would be mapped 
Ly an experienced soil surveyor in the field. Secondly, of greater interest 
than the reflectance differences between samples of a given soil series were 
the physicochemical and site characteristics which imparted reflectance 
properties unique to each soil sample. This provided many situations in 
which a difference in just one property among the many others that were 
similar for duplicate soil samples revealed the influence of that specific 
property on the reflectance curve. Thirdly, by considering each soil sample 
as a separate observation it was possible to double the number of observa- 
tions for statistical purposes. The use of duplicate samples as separate 
observations represents another restriction on randomization of soil sample 
selection but still allows for inference of statistical results over the 
large geographic areas covered by each climatic zone. 

It was necessary to divide the reflectance data into spectral bands 
for statistical study. Ten wavelength bands were selected covering the 
0.52 to 2.32pm wavelength range (Table 5). Bands 1 to 3 all have 0.1pm 
band-widths. Bands 1 and 2 are visible wavelengths bands. Bands 2 and 4 
cover the spectral regions of known ferric iron absorption. Most of bands 
1 to 8 resemble, but may not coincide precisely with existing bands of the 
Landsat mul ti spectral scanner or bands used on the Skylab S192 mult ispectral 
scanner. Bands 9 and 10 are proposed Thematic Mapper bands with band 10 
being slightly altered by the cutoff of spectroradiometric data at 2.32;im. 


Tab! e 

5. Spectral 

reflectance bands 

for 

statistical analysis. 

band 

wavelength (i 

spectral' 
in) region 

band 

wavelength (pm) 

spectral 

region 

1 

0.52-0.62 

visible 

6 

1 .02-1 .12 

near IR 

2 

0.62-0.72 

visible 

7 

1.12-1.22 

near IR 

3 

0.72-0.82 

near 1R 

8 

1 .22-1.32 

near ir 

4 

0.32-0.92 

near 1R 

9 

1 .56-1.75 

middle IR 


0.92-1 .02 

near IR 

10 

2.08-2.32 

middle IR 
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Scatter diagrams nf reflectance in specific bands plotted against impor- 
tant laboratory-measured soil parameters reveal the nature of the statistical 
relationships involved. A definite negative curvilinear relationship can 
be seen between organic matter content arid reflectance in visible band 1 
(figure 33). A natural logarithmic transformation of organic matter content 
was found to be best for relating organic matter content to reflectance data. 
The wide scatter of points at the lower organic matter levels indicates that 
grouping of all soil's from all climatic zones may not result in very high cor- 
relations between organic matter and reflectance. 

Reflectance in the 2.08 to 2.32pm wavelength band is also seen to be 
negatively correlated with moisture percentage by weight of all 481 soils 
(Figure 34). Again, improvements are to be expected when soils from similar 
climatic zones are plotted alone. Reflectance in band 10 is also negatively 
correlated with clay content, cation exchange capacity, and even iron oxide 
content while it is positively correlated with fine and medium sand contents. 

Simple correlation coefficients were calculated between five important 
soil parameters and reflectance in ten individual bands. Reflectance band 
ratios were considered, but were rejected because they showed almost no 
improvement over correlations with individual bands. Soil parameters studied 
were the natural logarithm of organic matter content, moisture percentage by 
weight, cation exchange capacity, iron oxide content, and particle size dis- 
tribution by content of eight particle size classes. In each case, corre- 
lation coefficients for the single most highly correlated band were recorded, 
for particle size distribution, the particle size class having the highest 
simple correlation with a given band was recorded. Because different sample 
sizes were being considered as climatic groupings of soils, the 95"' confidence 
intervals on the correlation coefficients were calculated from Z values (Waugh, 
1944). As sample sizes become smaller, the 95"', confidence intervals on the 
correlation coefficients become broader. 

For all 481 soils grouped together a negative correlation of .68 is 
seen between the natural log of organic matter and reflectance in the visible 
band 2 (Table 6). A correlation of -.53 between moisture percentage by weight 
and band 10 reflectance confirms the relationship displayed in the scatter 
diagram (Figure 34). Correlations with clay content, cation exchange capa- 
city, and iron oxide content are not as strong when all soils are considered 
as a group. 

Soils grouped according to moisture zone or temperature regime show 
improved correlations in most cases between soil parameters and reflectance 
data over correlations for all 481 soils (Table 6). Correlations as high 
as -.78 are seen between the natural loo of organic matter and band 6 re- 
flectance for subhumid region soils. Within the same climatic region a 
similar -.78 correlation is evident between moisture percentage and band 10 
reflectance. Correlations between cation exchange capacity and reflectance 
are often higher than correlations between particle size distribution and 
reflectance, while most correlations between iron oxide content and reflec- 
tance remain low. Certain moisture zones like the humid and semiarid as 
well as the frigid and mesic temperature regimes appear to be too hetero- 
geneous in their soil makeup for good correlations between reflectance 
data and physicochemical characteristics. 
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t„o c& S K Ul7jS-S?S- reflectance date arc seen to 

rz i. on ce 

»m show considerable 

capac?tv »'ai be a?iin5 af a natural integrating factor for numerous soil 
parameters that influence soil reflectance. 


Prediction Models 

Soil reflectance has been seen to be a cumulative property which derives 
from inherent spectral behavior of the mineral, organic, and fluid matter 
th-it rnmnrise most soils. Thorough statistical modeling of the factors i 
•, H in soil reflectance would require much more detailed mineral ogical 
0 nd V bt„:S^l a^5si" Ce than the s ope of this study all owe - However 

there is value in attempting to explain some of nr °hwsirodiemical 

flectance in given wavelength regions in terms of fam contribu- 
inH citp rharacteristics. This approach recognizes the important contn 

tovturp whi 1 e introducing the possibility that such s * _ 

as^cl irnate^ ' parent material, and drainage may be important factors ,n ex- 
plaining soil reflectance. 

data on physicochemical 

varlabies'lncluded the* natural l’og of organic matter content, moisture per- 
« te X ^iqht, percentage contents of eight .part c “ n 

cation exchange capacity, iron oxide content, six - -f T ^T re ssion 

six drainaqe classes, and sixteen climatic categories. E * 
equation was limited to inclusion of ten independent variables. 

The order of inclusion of the first ten independent variables into 
rearession equations for each spectral band reveals the importance of t. 
variables in explaining soil reflectance U>Me 8) Only those variable, 
that were included in at least one regression equation aio shown 1 

fgr laand 6 Fine sand and fine silt contents arc frequently included in 
regression' equations while clay content is included only in equations for 
Sands” and 10. Iron oxide content is included in regression equations fo, 
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Tim remarkable feature of those? prediction equations is the? frequent 
inclusion of dummy variables for spoc i fie climatic /ones, drainage classes 
and parent material groupings. Although the low It’ values indicate that 
the lofloctance in individual bands has not boon fully accounted for, it 
is significant, to know that site characteristics play a prominent part in 
explaining soil reflectance when all the currently known soil parameters 
inf luenciim reflectance are considered. Of all of these physicochemical 
and site' characteristics, the only one about which we normally have prior 
knowledge in the case of soil survey in unmapped areas, is climate. Know- 
inc| the climate, we may net a better idea of expected information that may 
be obtained from soil reflectance data. 

Urn ultimate objective of prediction modeling of soil reflectance 
properties is to be able to predict the level of certain soil parameters 
within areas of known climatic type from reflectance data. The same 
forward stepwise inclusion procedure was used this time to develop regres- 
sion equations for prediction of soil parameters from reflectance data in 
ten wavelength bands. Independent variables were the ten spectral Lands 
which m this case were not limited in number for inclusion in regression 
equations. The dependent, variables, or the variables being estimated from 
reflectance data were the natural log of organic matter, moisture content, 
cation exchange capacity, iron oxide content, and percentage content of 
certain particle size classes. 


Spectral bands entered into regression equations and R-’ values are 
indicated for soils from eleven climatic zones (Table 9). R-' values as 

high as .78 for prediction of organic matter, .95 for prediction of mois- 
ture content, .84 for prediction of cation exchange capacity, .90 for pre- 
diction of clay content, and .70 for prediction of iron oxide content, were 
obtained for soils within specific climatic zones. The inclusion of reflec- 
tance data from numerous bands in the visible, near infrared, and middle 
infrared is essential for development of these prediction models. Not all 
soil parameters are highly predictable from reflectance data for all cli- 
matic zones, but those situations in which strong relationships exist can 
he seen here. Indications are that further subdivision of climatic sub- 
groups by soil drainage and parent material classes could improve upon 
these simple prediction models, although the limited number of soils in 
study did not permit statistical evaluation of these more specific 
soil qroupiiuis. 


SUMMARY, CONCLUSIONS, AND RT COMMf NDAT IONS 


Summary and Conclusions 

Measurement of bidirectional reflectance factor of soils in the 0.52 
to c .. 3Anm wavelength interval at the uniform moisture tension of one-tenth 
bar using an asbestos tension table apparatus and a spectroradiomoter 
adapleO for indoor use provides repeatable quantitative reflectance data 
from soil samples viewed and illuminated in much the same wav as airborne 
sensing devices. Soil reflectance curves of subsamples of highly different 
Alfisol, Mnllisol, and Oxisol soils demonstrate the reliahilily of I he exneri 
mental _ procedures developed lor this study. Important I y, the rgui I ibisit inn 
ef so i moisture at one tension for all soils studied permits the wlr.imn 


Table 9. Soil reflectances in individual bands as predictors of soil parameters within certain cli 
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of d i fforences in moisture con tout, among soils ns a vacfor inf 1 noticing soil 
rof l ec Lance . Standard procedures for laboratory study of soil ref I octance 
allow for comparison- of soils from widely scattered sites wi lb extraneous 
variables controlled to a greater extent than possible in the field. 

Soil reflec tance curves can be grouped accord i ng to curve shape into 
at least five general types, two more than had previously been recognized. 
Hiqli iron content Oxisols were observed that actually decrease in reflec- 
tance with increasing wavelenqth, contrary to all published accounts of 
soil reflectance behavior. Absorption bands at 0.7 and 0.9nni, tentative, y 
attributed to ferric iron, impart characteristic curve forms to soils with 
moderate to high amounts of free, iron oxides, ferrous iron absorption as 
well as hydroxyl absorption of qibbsite, both centered at l.Onm, can also 
be seen to influence the shape of soil reflectance curves. Low organic 
matter, low iron, better drained soils exhibit a convex curve shape from 
n.bf to 1.3tim. High organic matter, low iron, poorer drained soils show 
a concave curve shape from 0.52 to 1.3pm. . 

Soils with similar Munsell color designations have been seen to possess 
very contrasting reflectance properties, especially in the infrared wave- 
lengths. The difficulty of using Munsell color designations to describe 
in a precise and quantitative manner the actual reflectance properties of 
soils is apparent. Spectroradiometr ic measurement of soil reflectance is 
not only a more quantitative and reliable measure of soil spectral propel - 
ties than standard color charts, but also extends our knowledge beyond toe 
visible into the reflective infrared wavelengths. 


Averaged reflectance curves for soils with similar organic matter con- 
tent reveal the dominant role of organic i after in determining both curve 
form and teflectance magnitude in the visible and near infrared wave ennt v. . 
Decreasing particle size is seen to increase soil reflectance among sand 
textured soils, but the inverse is true for medium to tint? textured soils. 
Hiqher moisture contents associated with increasing clay content cause a 
decrease in reflectance i n-the_2-„Qtl-tO-2-l?pm band as textures vary from si,l 
loam to clay. 


Soils grouped according to temperature regime demonstrate the effects 
of temperature on soil reflectance properties. Soil s generally exhibit 
higher reflectances with increased temperature primarily as a result ot 
decreased organic matter levels. Soils grouped by moisture zone a so Lend 
to increase in reflectance with decreasing rainfall associated with reduces 
organic matter levels. An exception is the subhumid zone in which organic 
rich soils formed under prairie grass vegetation reflect less than the pre- 
dominantly forested humid zone soils. Soil drainage class, as a site char- 
acter islic integrating the effects of climate, local reliel, ana accumulated 
organic matter, is also found to he closely associated with reflectance 
properties of surface soils. 


Statistical correlation studies for 1 benchmark soil .samples show t ie 
nature of ! he relationships between soil reflectance and soil painnei.eis. 
Kofi octance in each of ten wavelength hands is negatively correlated with 
I i,o natural logarithmic transofnn.it ion of organic matter content, lrulica. mo 
•hat tv! I or lance decreases very little after a rather high organic rv ".•••' 

(■nil ( i'll f i 1 iVU’lll'il . R C I 1 PC ill MCP 


t lu' impnri mil. 


to 
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hand is also negatively correlated with moisture content, clay content, 
cation exchange capacity, and iron oxide content, while it is positively 
correlated with fine and medium sand contents. 

Soils grouped according to moisture zone or temperature regime show 
improved correlations over correl ations for all 481 samples, except for the 
heterogeneous humid and semiarid moisture zones and the frigid and mesic 
temperature regimes. Greatly varied parent material types, vegetation 
types, and even topographic differences within these regions may account for 
the lack of good correlation between reflectance and soil properties. Cor- 
relations are best for soils grouped by specific climatic zone. Cation 
exchange capacity frequently reveals higher correlations with reflectance 
than do any of the textural classes or even organic matter, an observation 
supported by the high correlations of CEC with soil parameters that do 
exhibit spectral behavior such as clay and organic matter. 

Prediction models indicate that site characteristics such as climate, 
parent material, and drainage are important variables along with organic 
matter, moisture content, texture, and iron oxide content in explaining 
reflectance differences among 481 soil samples. Organic matter is the single 
most important variable in the visible and near infrared bands while moisture 
content is the most important variable in the 2.08 to 2.32pm band for explain- 
ing reflectance differences. 

Prediction equations using reflectance data in ten wavelength bands as 
the independent variables show high predictive values for organic matter 
content, moisture content, content of specific particle size classes, iron 
oxide content, and cation exchange capacity when inferences are drawn 
among soils from specific climatic zones. Reflectance bands in the visible, 
near infrared, and middle infrared repeatedly are included in regression 
equations for soil properties indicating that all of these wavelength re- 
gions are important to an understanding of relationships between soil re- 
flectance and physicochemical characteristics. 

Extending these results to the level of airborne remote sensors, it is 
likely that reflectance data from carefully selected wavelength bands could 
be used to extract information from bare soil areas that could be related 
to levels of organic matter, soil moisture, iron oxide content, particle 
size content, or even an indicator of potential productivity such as cation 
exchange capacity tor certain specified climatic areas. Where prior infor- 
mation is available about soil drainage and parent material classes, even 
better correlations can be expected within more homogeneous areas of soil 
inference. 

Based on results of statistical analyses as well as on qualitative 
evaluation of soil reflectance/absorption characteristics, the following 
wavelengths are critical for identification of soil reflectance character- 
istics: 0.52 to 0.62; tin (green wavelennth region highly correlated with 

organic matter content), 0.7pm and 0.9pm (ferric iron absorption wavelengths), 
1.0pm (ferrous iron and hydroxyl gibbsite absorption wavelengths), 1.22 to 
1.32nm and 1.55 to 1.75pm (regions of highest reflectance for many soils, 
correlated with many soil properties), 2.08 to 2.32pm (region of highest 
correlations with soil moisture). Although spectral bands for the Thematic 
Mapper mission include 0.52 to 0.60;un, 1.55 to 1.75pm and 2.08 to 2.35pm, 


80 


tho 0.76 to 0.90pm near infrarod wavelength band is too broad for specific 
iron oxide studies in soils, a fact that could limit its usefulness in 
erosion studies as well as soil productivity surveys. 

In summary it can be stated that soils that vary widely in their physico- 
chemical and site characteristics are no more similar in their reflectance 
properties than are different species of plants throughout their growth 
cycles. To treat soil reflectance as a constant, unchanging characteristic 
from location to location and from date to date is to ignore the well-ordered 
physical and chemical relationships that impart diverse spectral reflective 
character to soils. 


Recom mend ations 

Because of the demonstrated quantitative, repeatable nature of soil 
reflectance measurements made using the described procedure, consideration 
should be given to the development of a spectroradiometric measurement pro- 
cedure as an aid to soil characterization in the laboratory. The purpose 
would not be to replace soil color standards as they exist, but to supplement 
them with infrared as well as visible reflectance data. To this end it may 
be desirable to extend the range of spectral measurements to shorter wave- 
lengths such as 0.4iim to include most of the visible region. Low intensity 
of moist soil reflectance along with reduced illumination limited the range 
of noise-free data in this study to 0.52 to 2.32pm. 

With the development of laboratory spectroradiometric standards of 
soil reflectance, the concept should be carried to the field in the form 
of a portable recording multiband radiometer. Such an instrument wouic 
hove selectable wavelength bands over the 0.4 to 2.4pm wavelength range and 
would serve not only for the necessary controlled field study of soil con- 
ditions but would also provide the soil surveyor with a more powerful tool 
with which to determine soil spectral properties. 

Serious consideration for future design of satellite spectral bands 
should be given to the inclusion of narrower wavelength bands in the near 
infrared more specific for iron content. With the expansion of attempts to 
use satellite sensor data to study crop inventory in tropical areas of highly 
weathered soils, spectral bands centered on 0.7, 0.9, and 1.0pm will be essen- 
tial for thorough characterization of background soil reflectance. 

Systematic characterization of the mineralogical and biochemical proper- 
ties of naturally occurring soils should continue in an effort to help further 
explain observed reflectance differences in soils, from tho collection or 
almost 250 duplicate benchmark soil samples on hand at the Laboratory for 
Applications of Remote Sensing it. should be possible to identify soils for 
more detailed st.udv by selection of soil pairs otherwise similar in physical 
and chemical properties to reduce the effects of extraneous variables. 
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APPENDIX 


Table 10. Benchmark soil series used in this study, arranged by 


climatic 

zone. 



climatic zone 

state 

county 

soil series 

perhumid mesic 

Oregon 

Tillamook 

Curry 

Astoria 

Brenner 

Hebo 

Nehalem 

Blacklock 

Orford 

humid frigid 

Maine 

Aroostook 

Caribou 

Plaisted 


Massachusetts 

Franklin 

Berkshire 


Michigan 

Baraga 

Chippewa 

Delta 

Emmet 

Ontonagon 

Iron River 

Muni sing 

Pickford 

Angel inca 

Grayling 

Onaway 

Rifle 

Emmet 

Ontonagon 


New York 

Lewi s 

Adams 


Wisconsin 

Bayfield 

Florence 

Langlade 

Marathon 

Polk 

Price 

Vilas 

Pence 

Anti go* 

Fenwood* 

Camp i a 

Cushing 

Goodman 

humid mesic 

Connecticut 

New Haven 
New London 
Tolland 

Charlton 

Ninigret* 

Hollis 


Illinois 

Champaign 

Iroquois 

Drummer* 

Flanagan* 

Ridgeville* 


Indiana 

Clark 

Decatur 

Fayette 

Knox 

Porter 

Vigo & Clay 

Haymond 

Russell* 

Genesee 

Alford* 

Door* 

Iva 


I‘i Me 10. (Coni . ) 


mu naMiiiinvwp 
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1 owa 

Clayton 

Dubuque 

Howard 

Downs* 

Dubuque* 

Waukoe 

Kentucky 

Daviess 

Laurel 

Newark 
Whi t ley 

Massachusetts 

Lssex 
rrankl i n 
Hampden 

Hampshire 

Worcester 

Sudbury* 

Winooski 

Agawam* 

Ri dgebu ry* 

Hadley* 

Hinckley* 

Mi Chilian 

Jackson 

Hi 1 1 sda te- 

Missouri 

Moni teau 
Scotland 

ll ni on 

Kilwinning 

New Hampshire 

Hi 1 1 sboi'o 

Acton* 

New York 

Chenango 

Norwich* 

Oh i o 

Highland 
Summit & Medina 
T uscarawas 
Wayne 

Cincinnati 

Holly 

Keene* 

Canfield* 

Pennsylvania 

Lancas ter 
Perry 

Duf field* 
Ldgemont* 
1: 1 1 i bor* 

Vi rijinia 

Augusta 

Frederick 

West Virginia 

Monroe 

Murri 1 1 

Wisconsin 

Ozaukee 

1 ox 

huiniil thermic Alabama 

Houston 

Red Ray 

Arkansas 

I rankl in 
Ouach i t.a 
Pope 

1 nders 
Sail ell 
1 inker* 

1 loriila 

Hay 

Leon* 


Ooorgio 


t rw i n 


Ocilla 


‘Ill 


I ab le 10. (font.. ) 



Kansas 

Montgomery 

Verdi gri s* 


Louisiana 

Acadia 

Midi and 


E. Baton Rouge 
Jefferson 
Ouachi ta 
Tensas 
Union 

Calhoun 

Kenner 

Rilla 

Commerce 

Ruston 


Mississippi 

George 

Grenada 

Susquehanna 

Grenada 


North Carolina 

Alamance 
Cabarrus 
Catawba 
Craven 
Scotland 
Washington A 
Hyde 

Appl i ng 
Mecklenburg 
Cecil 
Craven* 

Wag ram 

Ponzer 


Oklahoma 

Tulsa 

New torn' a 


South Carolina 

FI orence 
Spartanburg 

Rains 
Parole t 


Tennessee 

Coffee 

Humphreys 

Rutherford 

Dickson 
Mountview 
Bodine 
C umber ' 1 and 
Talbott 


Texas 

Smi th 

Kirvin* 

humid 

hyperthermic 

Florida 

Lee 

Pasco 
Hernando 
Palm Beach 
Marti n 

Myakka 
Pompano 
Basinger 
Wabasso 
Terra Ceia 
Paul a 

suhhumid frigid 

Minnesota 

Cass 
Grant 
Isanti 
Ki Us on 

Lake of the 
Woods 

Warba 
Rol i ss 
Anoka 
Grygla 
Redby 

Cormant 
Tayl or 
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I ah 1 1 » 10. (Coni..) 


Montana 

Nevada 

North Dakota 
South Dakota 

subhumi d mesic Iowa 

Kansas 

Minnesota 

Nebraska 
South Dakota 


Ottortai 1 

LUise 

Pope 

Laiuihei 

Stevens 

PI oin 

Missoula 

G reenough* 
Tarkio* 

Douglass 

Toiyabe* 

LaMoure 

Svea - - 

Ransom 

Tonka 

Wells 

Divide 

Brown 

Beotia 
Lxl i ne 

Codi ngton 

r ordville 

Renshaw 

Roberts 

Peever 

C 1 ay 

Sac 

Crawford 

Ida 

Harri son 

Monona 

Monana 

Haynie 

Cloud 

Hedvi 1 1 e 

Geary 

1 rwi n 

McPherson 

Goes sol* 

Saline 

Lancaster 

Martin 

Nicollet 

Steel e 

Cani s Leo 
Glencoe 

Rice 

Hayden 

Waseca 

Cordova 

Buffalo 

llord 

Clay 

Hastings* 

Hoi t 

Jansen* 

Thomas 

Loup 

Thurston 

Croft on 

Webster 

Gi bbon 

Davison 

Betts 
St ickney 
Te tonka 

Gregory 

Boyd 
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subhumid thermic 


subhumid 

hyperthermi c 

semiarid frigid 


semiarid mesic 
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Kansas 

Pratt 

Pratt 

Okl ahoma 

Cotton 

Foard 


Grady 

Port 


Lincoln & Payne 

Darnel 1 


Kay 

Renfrow 


Oklahoma 

Bethany 

Canadian 

Zaneis 


Payne 

Dougherty* 


Roger Mills 

St. Paul 


Washita 

Dill 

Texas 

Bell 

Brackett 


Anderson 

El rose 


Coryell 

Denton* 

Frio* 


Kaufman 

Trinity 


Parker 

Windthorst 


Menard 

Tarrant 

Texas 

Cameron 

Wi 1 1 acy 


Nueces 

Victoria 

Montana 

Hill 

Chinook 
El loam 


Liberty 

Ethridge 


Roosevel t 

Li hen* 


Toole 

Jopl in 


Valley 

Marias 


Yellowstone 

Absarokee 

New Mexico 

McKi nley 

Fortwingate 

North Dakota 

Bowman 

Ekal aka 

Colorado 

Crowley 

Glenberg 

Apishapa 


Elbert 

Kutch 


Prowers 

Haverson 


Kornman 
Minnequa 
Rocky Ford 
Wi 1 ey 

Grant Richfield 

Hamilton Colby 


Kansas 
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Table 10, (Cent.) 

Montana 

Nebraska 

Nevada 

South Dakota 

Texas 

Utah 

semi and thermic Arizona 

New Mexico 

Texas 

senn'arid 

hyperthermic Texas 

arid frigid Colorado 


Yellowstone 

Kei ser 

Dawes & 

Box Butte 

Alliance 

Humboldt 

Douglass 

Rio King* 
Indian Creek* 
Motts vi lie* " 
Ophir* 

Ormsby* 

Reno* 

Turria* 

Todd 

Tuthill 

Sherman 

She rm 

Millard 

Palisade 

Pharo 

Santa Cruz 

White House 
Pima 

Lea 

Roosevelt 

Ja 1 

Kimbrough 

Portales 

Andrews 

Lamb 

Lubbock 

Lynn 

Upton 

Triomas 
Aman 1 1 o 
Acuff 
Patricia 
Reagan 

Hidalgo 

Jim Wei 1 s 
Zavala 
Ki nney 

Hi dal go 
Sari ta 
Clareville 
Uvalde* 
Montel 1 

Alamosa 
Alamosa & 
Conejos 

Mosca 

LaJara 


Tab le 10. (Cont. ) 


arid mesic 

Nevada 

Churchi 1 1 

Appian 

Carson 

Dia 

Pi rouette 



Pershing 

Blackhawk 

Humboldt 

Lovelock 

Placeritos 

Ryepatch 

Sonoma 



Eureka & Elko 

Cortez 



Humboldt 

13 loo r* 
Ni nch* 
Valmy* 


Utah 

Millard 

Abbott 

Harding 

arid thermic 

Arizona 

Santa Cruz & 
Pima 

Continental 



Graham 

Gila* 

Glendale* 


Nevada 

Clark 

13 i tterspring* 
Cal ico* 

Land* 
McCarran* 
Morman Mesa* 
Overton* 
Toquop* 

Virgin River* 


Texas 

Pecos 

llodgins 

arid 

hyperthormi c 

Arizona 

V urn a 

Supers ti tion* 


*' 1 ° n_ £ an ?? ,ly choscn soil series selected to facilitate sampling by 
oCS field parties assigned to certain counties. 


